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Abstract
Complex oxides exhibit a wide range of physical properties making them very attractive
for future electronic and device applications. Although more and more studied, addi-
tional scientiﬁc investigations are required, especially in oxide interfaces, where new and
amazing phenomena can arise. A prototypical example is the LaAlO3-SrTiO3 interface
that appear to be conducting, magnetic or even supra-conducting while these properties
are not present in the LaAlO3 and SrTiO3 bulk insulator compounds. The conductivity
arises from the formation of a highly localized electron gas at the interface which exhibits
a diﬀerent behavior than the one at semiconductor interfaces. Even nowadays, its exact
origin, intrinsic versus extrinsic, is still intensively debated. The existence of an electric
ﬁeld in LaAlO3 used as a key feature of models based on an intrinsic origin is highly
controversial. In these models, the closing of the band gap with increasing LaAlO3 ﬁlm
thicknesses ﬁnally results to a Zener breakdown and to the metal/insulator transition.
In this Ph.D. thesis we aim to investigate the various consequences of the presence of an
electric ﬁeld in LaAlO3 through ﬁrst-principles calculations in pristine LaAlO3-SrTiO3 in-
terfaces. First, using both experimental and theoretical structural distortions in LaAlO3,
we predicted a lattice expansion via an electrostrictive eﬀect, supporting the existence
of an electric ﬁeld in LaAlO3. Second, the metal/insulator transition was tuned with
regards to the intensity of the electric ﬁeld in the ﬁlm, which was controlled by the com-
position of a solid solution between LaAlO3 and SrTiO3. The theoretical results match
the experimental one where, nevertheless, extrinsic origin mechanisms are allowed and
defects are present. These two works are in favors of an intrinsic origin of the electronic
gas observed in LaAlO3-SrTiO3 heterostructures. In addition, a relationship between the
sheet carrier density and spatial extension of the gas was established and thus setting an
intrinsic threshold to the sheet carrier concentration. At lower density the electrons are
strictly localized close to the interface while above this value the carriers start to spill
into the SrTiO3 substrate.
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Chapter 1
Introduction
Over the last 2 decades, ABO3 complex oxide interfaces have attracted a large community
of scientists. Complex oxides represent a large variety of compounds that display a huge
range of properties such as high dielectric permitivities, ferroelectricity, piezoelectricity,
magnetism, multiferroism and metal-insulator transitions. Moreover the creation of an
interface between 2 of these compounds enlarge even more the ﬁeld of applications of
these systems such as possible high temperature superconductivity or enhanced magneto-
electric coupling for instance.
A typical example of new phenomena emerging at oxide interfaces is found in the LaAlO3-
SrTiO3 heterostructure. In this system, composed of 2 large bandgap insulators, a mobile
electronic gas is formed at the interface with completely new properties compared to the
formal compounds. Moreover, thanks to the speciﬁc behavior of oxides (i.e. due to the
interactions among the electrons), the properties of the gas are far from the usual behavior
in the semiconductor heterostructures. Indeed, two-dimensionally localized electrons,
high mobilities, large carrier densities, superconductivity or even magnetism are only
a few examples of the rich physics found at the LaAlO3-SrTiO3 interface. Since this
system was discovered in 2004, it is the center of interest of many research groups as
can be attested by the continuously increasing number of annual citations of the seminal
publication of Othomo and Hwang [1], totalizing 1300 citations1 since that time (see
ﬁgure 1.1). A possible explanation of the craze for the LaAlO3-SrTiO3 interface, besides
from the interesting properties of the system, is that the exact mechanism at the origin
of the gas formation is still unknown and is a constant source of debate.
The LaAlO3-SrTiO3 system is now a complex and huge ﬁeld which is still growing. For
1Number obtained via Scopus however google scholar gives more than 1600 citations.
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this reason, we focus here on a relevant and more general description corresponding to the
further discussions of this work. Some parts of this ﬁeld are thus not tackled. Additional
information is however in the following reviews [2–12].
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Figure 1.1: The number of citation per year for the seminal paper of Othomo and Hwang [1].
Source from Scopus.
In this chapter we introduce the main generic concepts underlying this work as part of
materials science, complex oxides and perovskite compounds. In addition, a particu-
lar attention is devoted to the description of the interface since it is a central point of
this work, as the concept of polar discontinuity. The interest of such interfaces is that
it completely changes the couplings between some degrees of freedom as we will show
through diﬀerent examples. The speciﬁc case of the LaAlO3-SrTiO3 heterostructure is
ﬁnally introduced with a general description of the main properties of the system. The
diﬀerent possible mechanisms at the origin of the electron gas formation are tackled just
like the reason of the intensive debate on these ones. To close this chapter we will give
the motivation and goals of the present work.
1.1 Material science
1.1.1 History
Historically, the ﬁrst concerns of what is now called “materials science” was to describe the
macroscopic properties of diﬀerent compounds such as the electrical conductivity or the
heat transport for example. The ﬁrst approaches were in general phenomenological and
focused on the description of properties of the materials and their evolution. An example
is the work of Georg Simon Ohm (1789-1854), who has shown that there is a direct
proportionality between the applied voltage V and the current I in a material, known now
as Ohm’s law V = RI, where the coeﬃcient R is the electrical resistance of the material.
It is clear that at that time, ∼ 1825, Ohm did not know about the existence of the electron
(identiﬁed in 1897) which is the underlying particle of the electrical conductivity. It was
2
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then impossible for him to explain qualitatively this law. However this is what material
science is: the understanding of why materials behave the way they do. To achieve such a
thing it was ﬁrst needed to have a better understanding of the atomistic world. Nowadays,
even without a scientiﬁc background, the general public know that a material is composed
of nuclei which are bound together and that the electrical conductivity is due to the ﬂow
of conduction electrons. The approach is not phenomenological and qualitative anymore
but is the start to quantitatively describe the electrical conductivity within a microscopic
understanding. This was realized in 1900 by Paul Drude (1863-1906). He demonstrated
that, considering electrons as ball-like particles that can ﬂow into the material. However
the electrons are deviated and scattered by the ions which create some resistance to the
ﬂow of electrons. This classical2 and microscopic formalism can ﬁnally leads to Ohm’s law
where the resistance is now explicitly given by the parameters introduced by Drude. This
is one simple example of how material science can explain the macroscopic properties of
a material through a microscopic description.
The only thing that scientists are doing is to create a model that attempts to describe the
physical phenomena of a system3. The Drude model for instance works well for simple
metals at room temperature but is not always so accurate. The reason is that the Drude
model simpliﬁed the problem within a classical approach. However to model a system
at the atomistic level, one need to use quantum mechanics. The reason is simply that
classical mechanics cannot describe properly behavior at the nano-scale where new eﬀects4
appear. It is in fact not true to imagine the electrons as small balls that can bounce on
other heavy and large balls i.e. the atoms. For that reason a new model had to be created
and this one had to include these new eﬀects appearing at very small scales. This has
led to the introduction of quantum mechanics. This is ﬁnally what material science is:
the understanding of why the materials behave the way they do by the use of quantum
mechanics and atomistic properties as electron orbitals, electron spins, atomic positions,
electron densities, etc.
Material science now reaches a level that allows us to better understand the atomistic
world of matter and the macroscopic properties that follow. The road was long and not
always simple. However the challenge is not only the theoretical understanding of the be-
havior or the performance of compounds but also the experimental ability to create some
new complex systems with fascinating properties. In 1981 a large breakthrough arose with
2In contrast to quantum physics.
3until it is shown that the model is wrong and needs to be revised or completely changed.
4i.e. non-classical.
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the creation of the ﬁrst scanning probe microscope (STM) that immensely increases the
access we have to the nano-world. This technology made it possible to have an “image”
at the nanoscale but also to control the system at the atomic level by displacing atoms
one by one. These developments gave the opportunity to raise the level of our technology
as we know today and to create always more powerful and smaller electronic devices
for instance. However the creation and the characterization of these diﬀerent systems is
not an easy task and needs large and costly machines. Thankfully, an alternative exists:
computer simulations. Softwares implementing atomistic models can nowadays simulate
a compound and give the resulting macroscopic and microscopic properties. The power
of prediction of these tools is now such as it is possible for instance to tell which material
versus another is more promising to achieve a desired properties (such as ferroelectricity
or multiferoism). This kind of prediction can sometimes come before it is even possible
to experimentally grow the material. Obviously these simulations are based on models
that have their own limitations and sometimes fail. Therefore they always need to be
conﬁrmed experimentally. However these simulations are taking a distinct approach to
experiments and can provide access to complementary microscopic informations on the
same system. For that reason the combination of experiments and simulations often leads
to a better understanding of phenomena thanks both to the diﬀerent information they
can access.
A large number of diﬀerent promising materials exist and some are already part of our
technologies. For example semiconductor lasers and light-emitting diodes (LEDs) are
now the basis of many applications such as DVD or Bluray players, at the core of our
telecommunications and they largely reduced our energy consumption. Another kind
of material is the carbon ﬁber reinforced plastics that are found in planes, cars, etc.
since they are very strong and light materials. Such materials represent 53 % of the
Airbus A350 XWB for example. Finally, nanotubes are very promising since they are the
strongest and stiﬀest materials discovered yet and oﬀer promising electronic properties.
This work focused on another kind of promising material: the complex oxides. These
are part of an emerging branch of material science with new phenomena and new physics
that has already lead to many applications.
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1.1.2 Peroskite oxides
Among the wide range of oxides, perovskite ABO3 compounds have been very popular
systems of research. Over the last several decades, they were intensely studied due to a
large range of properties among them, related to many possible applications. The per-
ovskite structure was ﬁrst discovered in 1839 in the Oural mountains by Gustav Rose, who
gave the name of Russian mineralogist L. Perovski to the compound CaTiO3. Nowadays
the perovskite structure refers to the generic cubic ABX3 structure where A and B are
cations and X accounts for oxygens in the case of oxides. The B cation can be viewed as
at the center of the cube inside an octahedron formed by the oxygens at the face centers
while the A cation is at the corners of the cube, see ﬁgure1.2a. This ideal cubic structure
can also be viewed as AO and BO2 (100) planes alternating. The B cation is usually a
transition metal that forms bonding with the 6 neighboring oxygens (octahedron) thanks
to d electrons. The A cation is in a 12-fold cuboctahedral5 coordination and gives the
right number of electrons needed by the B-O bondings. The formal valence of oxygen is
usually O2− which leads to three common diﬀerent possibilities6 for A and B: A1+B5+,
A2+B4+ and A3+B3+. These 3 conﬁgurations are then giving, in (100) direction, neutral
planes (AO0, AB02) or charged planes (AO
+, BO−2 ) or (AO−, BO
+
2 ) respectively.
The ideal cubic perovskite is stable if the usually small B cation, the oxygens forming
the octahedron and the large A cation exactly ﬁll the space available in the cube. This
can be described by the Goldschmidt tolerance factor,
t =
rA + rO√
2(rB + rO)
(1.1.1)
where rA, rB and rO are the ionic radii of A, B and O respectively.
 t = 1: If this stringent requirement is fulﬁlled (like in BaZrO3) the structure is the ideal
cubic structure as represented in ﬁgure1.2a. Otherwise some structural distortions appear
in the cubic structure and the symmetry is reduced. Nevertheless, this criteria is only
phenomenological and some distortions might appear anyway, as in SrTiO3 (t = 1.001).
 t < 1: If the A atom is too small and does not ﬁll the available space in the cube,
the Goldschmidt tolerance is lower than 1 and the octahedron formed by the 6 oxygens
tends to rotate to occupy as much space as possible. This instability is labeled as an
antiferrodistortive motions (AFD). The oxygens are no longer at the face centers as
5A cuboctahedron is composed of 8 triangles and 6 squares.
6even 5 possibilities considering B6+ in the defect perovskite WO3 and Pb
4+ Ni2+O3 for instance.
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Figure 1.2: a) The ideal perovskite structure, ABO3. b) Example of AFD motions where the
oxygens leave the face center leading to the rotation of the octahedron. c) An
example of polar distortion that can condensed in the structure where B leaves the
center of the cube.
represented in ﬁgure 1.2b. Additionally the A cation can also move oﬀ-center through
anti-polar distortions. This motion appears in the to the Pnma7 phase [13], known to be
stable for many complex oxides with 0.8 < t < 1.0.
 t > 1: On the other hand if the radii of B is too small compare to A, the tolerance
is larger than 1 and another instability takes place. This is the B-type ferroelectricity
where B moves oﬀ-center of the cube as in ﬁgure 1.2c. Such distortions are aﬀecting
the physical properties of the materials and can for instance lead to the appearance of
a microscopic dipole when the B cation moves in the same direction in neighboring unit
cells. Other types of structural distortions can appear in the cubic perovskite structure
however this will not be further discussed here.
Already at the structural level, ABO3 compounds can display a wide variety of distortions
(ferroelectric, anti-ferroelectric, antiferrodistortive, ...). Going further they can also ex-
7thanks to coupling with oxygen rotation modes.
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hibit additional orders like spin ordering (ferro- or antiferro magnetism), charge ordering,
orbital ordering or Cooper pair order, as represented in ﬁgure 1.3.
Figure 1.3: The different kinds of ordering that appear in ABO3 complex oxides (green, blue
and red balls respectively). A huge range of functional properties arise in these
materials thanks to the complex couplings between orders, as the metal-insulator
transitions for instance.
1.2 Tuning the degrees of freedom
With the huge wealth of diﬀerent orders in complex oxides one could expect to combine
them in a new compound. For instance, one can expect to obtain a system that combines
ferroelectricity and ferromagnetism. That would be the opening for a possible magnetic
control on the electric ﬁeld and vice versa, potentially leading to new spintronic devices.
Still, only a few oxides combine these 2 orders and unfortunately they are not necessarily
coupled. In fact, in bulk, the diﬀerent orders are often exclusive and they compete with
each others. A well known example is in SrTiO3 where both FE and AFD distortions are
expected to appear. However the more stable phase only contains AFD motions and the
FE ones are canceled through couplings with AFD motions and quantum ﬂuctuation [14].
The same is true between ferroelectricity and magnetism [15], explaining the small amount
of oxide compounds with both orders.
An alternative pathway is to combine diﬀerent orders by acting with an external param-
eter like an electric ﬁeld or a mechanical constraint. In this way, it is possible to tune
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some orders and to stabilize them while they would not appear in the formal compounds.
A nice example is the previous SrTiO3 system that displays a paraelectric ground state
with AFD motions at low temperature. However, if the lattice is under mechanical con-
straints, a paraelectric to ferroelectric transition can be observed [16]. The strain more
strongly couple with FE motions making them dominant beyond a critical threshold.
Creating an interface oﬀers a nice alternative playground to couple order parameters
through various phenomena such as pressure (strain), frustration, etc., see ﬁgure 1.4. But
then, when such an interface is created between 2 distinct compounds with properties
A and B respectively, what are the resulting properties? This new material can behave
as the combination of the 2 others i.e. A + B → (A + B), or presents completely new
properties such that A+B → C.
Amount the large diﬀerent constraints, this work will focus mainly on how a symmetry
breaking and an electrostatic coupling created by an interface between 2 diﬀerent ma-
terials can lead to completely new physical eﬀect at this interface. For that reason we
describe in the next section what exactly an interface is. Further informations on complex
oxide heterostructure interfaces are available in recent reviews by Zubko et al. [17] and
Yu et al. [18].
Figure 1.4: The degrees of freedom in oxides and the constraints that appear at interface that
can influence them.
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1.3 Interfaces
1.3.1 Generalities
In a perfect and inﬁnite crystal the atoms interact with the neighboring environment
which is the same everywhere. However a real sample has a ﬁnite dimension and an
interface between the material and the vacuum (or the air) is then formed. Close to
that interface, called a surface in this case, the atoms are not in the same environment
than in the bulk and their behavior can be altered. The heterostructure, which consists
of a series of layers of two or more compounds, is another way to build an interface,
represented in ﬁgure 1.5. As for the surface the atoms at the boundary are not in the same
environment than in the bulk inﬁnite compounds and completely new eﬀects can arise
from this lowering of symmetry and various consecutie eﬀects as illustrated in ﬁgure 1.4.
The more common and usual interface, since it covers ∼ 70 % of the surface of our planet,
is the water-air one. This interface behaves as an elastic membrane and has a property
that is completely missing in the two formal compounds, the surface tension. Closer to
our working ﬁeld, lasers, transistors or solar cells all involve interfacial phenomena which
are in fact a key feature of many applications and technologies. The best example is
probably the metal-oxide-semiconductor ﬁeld-eﬀect transistor (MOSFET) that is present
in almost every electronic system. This transistor allows to tune the carrier density (and
therefore the resistance) through an electric ﬁeld thanks to interfacial eﬀects between
SiO2 and Si.
The creation of a heterostructure can be achieved through the deposition of a ﬁlm on the
surface of a substrate via diﬀerent processes (see later). When there is some degree of
registry between the atomic positions of the substrate and the ﬁlm, the result is called
an epitaxy (the mismatch has to be small enough). The atomic structure of the ﬁlm has
to ﬁt with the one of the substrate at the interface, although the two materials do not
need to have the same crystal class. In the case of a thin ﬁlm deposited on the surface of
a thick substrate, it is the ﬁlm that fully resizes to ﬁt to the geometry of the substrate.
In the two spatial directions of the surface, the ﬁlm is expanded or contracted compared
to its natural size. The relative diﬀerence of the lattice parameters of the distorted and
undistorted ﬁlm deﬁnes the epitaxial strain. Additionally, perpendicularly to the surface,
a strain arises due to the Poisson eﬀect8. If the ﬁlm expands in plane compared to the
8As it is for a rubber which is thiner when expanded.
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undistorted case, the perpendicular direction is contracted and vise versa. In the case of
such epitaxial strain the atoms are not at their usual distances and some properties, like
the ferroelectric, magnetic or orbital orderings, can be aﬀected due to the change in the
orbital overlaps for instance. The epitaxy is then one of the possibilities oﬀered to aﬀect
the diﬀerent degrees of freedom of a system.
Figure 1.5: Schematic representation of an oxide heterostructure. Figure adapted from [19].
The growth of heterostructures highly depends on the quality of the substrate. For
semiconductors the techniques are well developed giving rise to a very accurate control on
the defects leading to almost defect free surface systems. However in the case of oxides,
these techniques were lacking until recently. The lack of direct applications and the
experimental limitations made these systems less studied despite the wealth of physical
properties of oxides. Nowadays the techniques have been developed and it is possible
to reach suﬃcient control of the substrate to have practical studies. Although these
processes are still at their infancy, it is possible to obtain good SrTiO3 substrates via
chemical treatments [20–22] which is now the most communally used substrate. A good
quality for a SrTiO3 substrate means perfectly terminated by either single SrO or TiO2
layers for a (001) surface. The growth of the substrate is not an easy task and will not
be discussed further here.
The case of the ﬁlm deposition is just as important since the growth conditions have an
eﬀect on the studied phenomena. We thus need to describe the diﬀerent methods and
parameters of the growth in order to have a naive understanding of these parameters.
Nowadays the most popular growth methods of oxides are the pulse laser deposition
(PLD) and the molecular beam epitaxy (MBE). PLD uses high power laser pulses that
ablates the targeted material creating a highly luminous plasma. The ions have a high
velocity and are redirected toward a heated substrate where they condense and form
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the ﬁlm. The whole is enclosed in a deposition chamber that allows the control of the
oxygen atmosphere. This ﬁlm is aﬀected by many variables such as the oxygen partial
pressure, the laser ﬂuence or the substrate temperature, giving opportunity to control
the ﬁlm properties. However to control the growth and to reach a ﬁlm with speciﬁc
properties, a lot of time and eﬀort are needed. MBE uses ultra high vacuum chamber
where the material is heated and then migrated toward the sample where it is adsorbed at
the surface and creates the ﬁlm. With MBE the species have much lower kinetic energy
when they approach the substrate. These two methods are physical deposition methods.
During the deposition it is possible to use the reﬂection high-energy electron diﬀraction
(RHEED) process to control and analyze the growth. The pattern of the electrons that
diﬀract on the surface informs on the roughness of this surface. These methods are precise
enough to adjust some parameters in order to obtain a speciﬁc system with for example
5 additional per cent of A atoms or a system as close as possible to the ideal case. It also
allow controlling precisely the number of layers that have been deposited. Unfortunately,
they are also rather slow and complicated compared to the case of semiconductors.
1.3.2 New physics at the interface
Many practical applications using semiconductors are based on interfacial eﬀects. How-
ever apart from this interface, the electrons are almost free and there is no speciﬁc in-
teraction leading to particularly new attractive property. On the other hand, the oxides
display many diﬀerent properties such as magnetism or ferroelectricity thanks to a com-
plex interplay between the latice, magnetic, orbital and charge degrees of freedom. We
can thus expect to obtain very interesting systems and new physical eﬀects and mecha-
nisms at the interface of these compounds. The strain is a way to act on the degrees of
freedom but charge transfer, symmetry breaking, frustration and electrostatic coupling
can also aﬀect these degrees of freedom (in diﬀerent ways), as schematically represented
in ﬁgure 1.3.
When the interface is formed, between two compounds or with the vacuum, it is important
to know if that one is polar or not. Indeed, for a polar interface the electrostatic coupling
is important. The simplest method to determine whether or not an interface is polar,
as ﬁrst introduced by Tasker [23], is to use the formal charge of each ions as a point
charge without any relaxation9 (neither electronic or ionic). The interface is then polar
9Also referred to as bulk frozen surface.
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if the bulk unit cell contains a dipole moment. Some examples of polar and non-polar
systems are given in ﬁgure 1.6. This naive point of view appears to be, by chance, correct
for centrosymmetric structures as discussed by Bristowe et al. [24] and nicely shown
by Stengel [25] who succeeded to apply the concepts of the new theory of polarization
in a polar surface case. To summarize, an interface is polar if the bulk polarization
perpendicular to the interface of material A and B are not equal as describe by the
interface theorem in reference [26]. If the system appears to be polar, it is equivalent to
consider the surface net charge (P.nˆ) at each side of the interface. However, such charges
at the interface between two semi-inﬁnite systems produce a diverging potential and by
this fact a highly unstable system. This problem is referred to as the polar catastrophe.
Such systems with a diverging potential are not supposed to appear in nature and to be
canceled, some charge screening should appear. However in the case of a thin ﬁlm the
change of potential is ﬁnite and the ﬁlm is capable of handling that. In that case a dipole
appears across the ﬁlm due to the coupling of the two interfaces.
Figure 1.6: Example of the ionic surface classification by Tasker. a) Same charges for cations
and anions of a plane leading to neutrally charged planes (type 1). b) Zero net
dipole moment despite the charged planes (type 2). c) Charged planes and net
dipole moment (type 3). Figure adapted from reference [23].
By creating such a polar interface between two compounds one might expect to create a
stable structure if the thickness of the ﬁlm is small enough. However for larger thicknesses,
at some point, the system becomes unstable and should undergo some mechanisms to
cancel the net charge density at the interface/surface. These can be of various types.
The ﬁrst kind are extrinsic mechanisms that involve external sources. For example the
molecular adsorption or the change of surface/interface stoichiometry are both doping
the surface which screens the system. The interface between the semiconductors Ge
and GaAs is a well known case were atomic reconstruction cancels out the diverging
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potential [27].
The second kind rely on intrinsic mechanisms that only involve internal sources such as
the electronic reconstruction or the dielectric screening.
The most popular example of polar interfaces, which is becoming a textbook case, is the
LaAlO3-SrTiO3 (001) system [1]. The reason is that unlike semiconductors, oxides can
acquire a mixed-valence ionic character by the Ti atoms. The polar discontinuity can
thus be balanced by the fact that, at the interface, T i4+ can become T i3.5+. In oxides,
the electronic reconstruction is then a possible mechanism to avoid the polar catastro-
phe. Nevertheless, since the discovery of this system in 2004, a long and tenacious debate
is wide open concerning the real origin, intrinsic or extrinsic, of the reconstruction in
LaAlO3-SrTiO3 system. The next section is dedicated to the LaAlO3-SrTiO3 heterostruc-
ture, the properties that arise at the interface and the possible mechanisms at the origin
of the reconstruction.
1.4 The LaAlO3-SrTiO3 interface
1.4.1 General overview
A landmark experiment realized in 2004 by Ohtomo and Hwang [1] showed that a highly
conductive layer appears at the interface of the two insulators, LaAlO3 (LAO) and SrTiO3
(STO). This phenomenon is characterized by a two-dimensional electron gas (2DEG)
conﬁned in a few SrTiO3 layers close to the interface [28]. In addition to that metallic
interface, other exciting phenomena have been discovered since that time, such as super-
conductivity [29], magnetic transport [30], a quantum phase transition [31], huge ﬁeld
eﬀects and magnetotransport [31, 32] or thickness and dimensional eﬀects [32, 33]. Most
of these eﬀects are not present in the compositional materials, which are insulating and
non magnetic. The LaAlO3-SrTiO3 system is a perfect example of new physical phenom-
ena that appear when an interface is created modifying the diﬀerent internal degrees of
freedom. The LaAlO3-SrTiO3 interface is now a prototypical example of a polar/ non-
polar interface and is one of the most important and investigated discovery of the last 10
years within the ﬁeld of oxides with more than 1600 citations of the original paper at this
time10. A brief overview of the major developments of the LaAlO3-SrTiO3 ﬁeld is given
in the next sections. Both theoretical and experimental key results are given concerning
10Source by google scholar.
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the origin, the properties and the parameters that can aﬀect the formation of the 2DEG.
1.4.2 Original explanation: The polar catastrophe scenario
Imagine two compounds with the property Black and the other White. If now these
two compounds form a new system by mixing them, or creating an interface between
them, you can expect to have: the properties Black or White, if one dominates, or the
property Grey if they are almost equivalent. If you are lucky, maybe the new property
will be something like Blue or Yellow, which is already quite interesting and unexpected.
However, if it is really your lucky day, by mixing properties Black and White, you can
end with the properties of a colored rainbow. This is the LaAlO3-SrTiO3 system.
In the seminal paper of Ohtomo and Hwang [1] the heterostructure is created by growing
a LaAlO3 thin ﬁlm on a thick (001) oriented SrTiO3 substrate. In this speciﬁc orienta-
tion (001), two diﬀerent interfaces can form, SrO-AlO2 and TiO2-LaO, respectively called
p-type and n-type interfaces, as represented in ﬁgure 1.7. Through Hall transport mea-
surements, the authors have shown that the p-type interface remains insulating whilst
the n-type interface displays a high electron mobility at the conducting interface. After-
wards, Nakagawa and Hwang [34] showed that the conductivity is due to the presence of
electrons in the SrTiO3 substrate close to the interface with a density of 0.7 electron per
unit cell area (e−/S). The origin of this two dimensional electron gas (2DEG) is intro-
duced in reference [1] as what we call the polar catastrophe scenario. The compositional
materials in the speciﬁc orientation, (001), are formed of (LaO)+ and (AlO2)− layers for
LaAlO3 and (SrO)0 and (TiO2)0 for SrTiO3. The alternatively charged layers in LAO
is the key element of the polar catastrophe in addition to the symmetry breaking that
appears when the interface is created with the non-polar STO substrate. With Gauss’s
law, or simply a capacitor in series approach (see chapter 3), one can show that an elec-
tric ﬁeld is present in LAO. For each additional LAO unit cell i.e. for increasing LAO
thicknesses, the electric potential increases without any physical limit, hence referred to
the polar catastrophe. The system is then highly unstable and any mechanism that can
reduce the diverging electrostatic energy by canceling the electric ﬁeld in LAO should
occur. Nakagawa and Hwang showed that the diverging potential can be prevented by
transferring 0.5 e−/S at the n-type interface. For the p-type interface the screening is
realized through the transfer of 0.5 h+/S but is also achieved by the appearance of 0.25
oxygen vacancies per unit cell area. This is in agreement with the 0.3 oxygen vacancies
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that the authors found and the remaining insulating interface. This electronic transfer to
prevent the diverging potential is referred to as the electronic reconstruction mechanism
(discussed in more details in chapter 3) but oxygen vacancies or atomic interdiﬀusion are
other mechanisms that can also prevent the “polar catastrophe” and will be discussed
later in this chapter.
Figure 1.7: The polar discontinuity at the LaAlO3/SrTiO3 heterostructure. The planar formal
charge ρ, the electric field E and the potential V is represented for the n-type (a
and c) and p-type (b and d) interfaces. Top and bottom correspond respectively to
unreconstructed and reconstructed cases. Figure is adapted from reference [34].
1.4.3 Role of oxygen vacancies
It is well known that SrTiO3 is very sensitive to doping and that SrTiO3−δ undergoes
a metal/insulator transition even for a small defect density [35]. Even if the STO sub-
strate is insulating before the growth, oxygen vacancies can aﬀect, or even lead to, the
metal/insulator transition in LAO-STO. Already in the original paper [1], the growth
conditions are identiﬁed to greatly aﬀect the gas properties (mobility, sheet conductance
and electron densities). Several papers studied the oxygen partial pressure, pO2 , and the
annealing process of samples [1, 28, 36–38] showing 3 diﬀerent regimes: low pO2 (∼ 10−6
mbar), high pO2 (∼ 10−4 mbar) and very high pO2 (∼ 10−2 mbar).
In the case of low oxygen partial pressure and no annealing process before transport mea-
surements, Ohtomo et al. [1] found a large electron density (3× 1014-1017 cm−2), a high
Hall mobility (104 cm2.V−1.s−1) and a sheet resistance around 10−2 Ω/S. These measure-
ments correspond to the low pO2 without annealing process since they are obtained by
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several other studies. For high pO2 the density reduced signiﬁcantly to 10
13-1014 cm−2
in better agreement with the 0.5 e/u.c.2 (or 3.3 1014 cm−2) expected by the polar catas-
trophe model. In addition the sheet resistance can increase by 2 orders of magnitude.
On the other hand, some samples remain insulating if grown [37] or annealed [36] under
very high partial pressure despite the polar catastrophe prediction. Finally for samples
grown at low partial pressure, where typically the carrier densities are ≈ 1016-1017, but
annealed after, the densities reduce to ≈ 1013-1014 cm−2.
All these results, summarized in reference [6], seem to imply that the electronic recon-
struction mechanism is dominant for systems with a small quantity of vacancies and that,
a very high electron density is obtained due to the doping properties of oxygen vacancies
in non annealed or low partial pressure samples. Unfortunately, this simple point of view
is unsatisfying and the electronic reconstruction mechanism suﬀers some problems (dis-
cussed later). For instance the insulating interface found for very high partial pressure
samples (but also the p-type interface), questioned the real role of oxygen vacancies in
the LaAlO3-SrTiO3 system.
In conclusion, the oxygen partial pressure, i.e. the oxygen vacancies, and the annealing
process play a huge eﬀect on the 2DEG and its properties. However, these results are
not enough to rule out other mechanisms and the mechanism at the origin of the 2DEG
is still a highly debated question.
1.4.4 Critical thickness
Another interesting feature of the LaAlO3-SrTiO3 interface is the thickness dependence.
Even if samples grown at low pO2 are always conducting due to oxygen doping, samples
grown at higher partial pressure (∼ 10−4 mbar) remain insulating unless the LaAlO3
ﬁlm thickness is large enough. The speciﬁc thickness at which the insulator-metallic
transition occurs is called the critical thickness and was shown to be 4 unit cells in
references [32, 38] and by many other works. These works show that the sheet carrier
density is null or undetectable below the critical thickness but suddenly jumps after, see
ﬁgure 1.8. Nevertheless the majority of these works were generally based on transport
measurements. X-ray measurements have been realized on the same kind of samples by
Sing et al. [39] where they show that the sheet carrier density is non zero even before
the critical thickness and that this density increases with the LaAlO3 ﬁlm thickness, see
ﬁgure 1.8. To explain the non zero carrier densities obtained by X-ray below the critical
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thickness, the authors proposed the existence of immobile carriers.
Additionally, the critical thickness can be reduced compared to the usual 4 u.c. by adding
a STO capping layer on top of the LaAlO3 thin ﬁlm. Huijben et al. [40] have shown a
non zero sheet density for only 2 u.c. LAO ﬁlms and Pentcheva et al. [41] have shown
the same eﬀect with ab initio calculations.
Figure 1.8: The interface electron density measured via Hall transport [32], hard x-ray pho-
toelectron spectroscopy (HAXPES) [39] and resonant inelastic x-ray scattering
(RIXS) [42]. Figure adapted from reference [42]
1.4.5 Electron confinement
The oxygen partial pressure and the annealing process inﬂuence the gas properties (charge
density and mobility) but also its spacial extension. In low partial pressure samples (10−6
mbar and not annealed), the gas spreads over 10-100 µm in STO. The gas is then not
conﬁned at the interface and has a 3D character, as observed by [36, 43]. The electrons
probably originate in that case from defects as oxygen vacancies that spreads into STO.
On the other hand, Bastelic et al. [28] showed, via cross-section conductive tip atomic
force microscopy measurements, that annealing the samples changes the spacial extent to
a few nanometers from the interface. In that case, as for samples grown at high-partial
pressure (10−4 mbar), the gas is conﬁned at the interface and has a 2D character, see
ﬁgure 1.9. It was then suggested that two types of carriers exist, a ﬁrst spreads in STO
coming from defects and a second localized at the interface with possible intrinsic origin.
Depending on the method used for the measurements, but probably also on the diﬀerent
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samples, some works showed that the 2D gas lies between 4 nm and 10 nm [39, 44] with
the majority of the electrons conﬁned in the ﬁrst unit cell of STO [45]. Furthermore, it
was shown that the gas is composed of two types of (intrinsic) carrier, one that rapidly
decays, conﬁned close to interface (2 nm), and a second that extends into SrTiO3 (11
nm) [46].
Figure 1.9: Top: Comparison of conducting tip atomic force microscopy mapping for oxygen-
rich (left) and oxygen-poor (right) samples. Bottom: The resistance profile across
the interface for the oxygen-rich case showing the electron localization within a
few nm. The figure is adapted from [28].
In SrTiO3, the ﬁrst empty energy states (right above the Fermi level) are the 3d t2g
orbitals of Ti4+. When the LaAlO3-SrTiO3 system is doped, the electrons partially ﬁll
the 3d states and Ti4+ changes to Ti3.5+ as shown by atomic resolution electron energy
loss spectroscopy (EELS) [34]. In this system, the orbital ordering of the t2g11 states
is important since it aﬀects the properties of the gas (see chapter 6). The t2g states,
degenerate in cubic STO, are split into the lower dxy and the degenerate dyz and dxz states
due to the interface symmetry breaking, as observed in reference [47]. In addition, some
other works showed that 2 states, at least, are occupied by the interfacial electrons [48, 49],
corresponding to localized and delocalized carriers.
DFT calculations [50–52] also showed the splitting of the t2g orbitals with the lowest
energy being mainly of dxy character. Popovic et al. [53] also showed that this orbital has
a strong 2D character whilst the dxz and dyz are more 3D-like and expands into STO.
Calculations realized by Popovic [53] and by Son [51] are realized for diﬀerent charge
densities showing a large evolution of the band structure with carrier density. Popovic
113d is split into lower t2g and higher eg states in cubic perovskites due to the crystal field splitting of
the oxygen octahedral environment, see chapter 6.
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et al. [53] also stressed that due to the 2D-like states the electron should be localized
by Anderson mechanism. This possibly gives an explanation on the low charge density
obtained through Hall measurements [32] compared to the 0.5 e/S of the polar catastrophe
model.
In fact the exact reason why the electrons are conﬁned close to the interface is not
easy. Usually band bending is the concept that lead to conﬁnement in metal-oxide-
semiconductor interfaces. However Janicka et al. [54] suggested that the latest eﬀect is
not enough and that formation of metal-induced gap states may play an important role
spreading more deeply the electrons into STO. On their side, Chen et al. [50] proposed a
large Ti-La coupling that lowers the Ti 3d levels at the interface that becomes energetically
favorable for the electrons and possibly explain why the holes formed at the p-type
(AlO2-SrO) interface are delocalized. However, Stengel, in the supplementary material
of reference [55], showed that it costs some energy to move the electrons away from the
interface. Additionally, the cost of energy is inversely proportional to the static dielectric
constant of STO. Stengel concludes by saying that the dielectric properties of SrTiO3
is very important to determining the 2DEG conﬁnement contrary to the Ti-La orbital
couplings proposed by reference [50].
Finally, we need to mention the correlation eﬀects that appears in oxides and create
new properties that were not present in the formal materials. Evidence of a magnetic
behavior was provided by Brinkman et al. [30] who showed a magnetic hystereris loop
and transport properties associated to a large negative magnetoresistance. Additionally
this system presents superconducting behavior [29] which was shown to be controlled by
an electric ﬁeld eﬀect [31]. Even if they are usually highly exclusive, superconducting
and ferromagnetic phases have been found in LaAlO3/SrTiO3, as phase separated [56] or
coexisting [57, 58].
1.4.6 Structure and lattice distortion
Due to a slightly shorter lattice parameter of the ﬁlm compare to the substrate, the
epitaxy creates an in-plane tensile strain that should reduce the out-of-plane lattice pa-
rameter of LaAlO3 (see chapter 3). However Maurice et al. [59] have shown that it is in
fact an expansion that is observed, especially at the interfacial octahedra. The explana-
tion of a Jahn-Teller like distortion was given however Willmott et al. [60] only attributed
these deviations to intermixed cations at the interface. Using X-ray diﬀraction methods,
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Pauli et al. [61] have shown that atomic displacements in LaAlO3 are in agreement with
the presence of an electric ﬁeld since they measured an oﬀ-centering of the cations with
respect to the perovskite LAO structure.
1.4.7 Intermixing and disorder
The LaAlO3-SrTiO3 system is far from being perfect and some intermixing occurs at the
interface as shown by Nakagawa et al. [34]. In addition, Willmott et al. [60] have shown
that La-Sr mixing occurs in a larger range than the Al-Ti mixing beside the fact that La
and Sr are twice larger suggesting a natural tendency of the system. Furthermore, Qiao
et al. [62] have shown, on the basis of density functional theory calculations, that inter-
mixed interfaces are thermodynamically more stable. Such defects have been suggested
by reference [7] to be a possible origin of the doping of the interface and then the origin of
the 2DEG. This will be discussed in section 1.5. Such a mixing can aﬀect the transport
properties by creating trapping states for instance or by changing the dipole at the in-
terface. However they cannot explain why the interface is conducting (the solid solution
is insulating). Recently the eﬀect of such intermixing but also of (non)stoichiometric
exchange as been studied by Breckenfeld et al. [63] showing the eﬀect on sheet carrier
densities and mobility. For instance only a small deviation from unity of the La:Al ratio
leads to a decrease of charge density by one or two orders of magnitude.
1.4.8 Toward applications
Another amazing discovery is the possibility to reversibly switch the metal/insulator
transition by a gate voltage. This property is obtained when the LaAlO3 ﬁlm is grown
with a thickness just below the critical [32]. Later, another experiment [64] reproduced
this ﬁeld eﬀect using a biased atomic force microscopy (AFM) tip, again in 3 unit cells
thick ﬁlms. The authors were able to write and also erase conducting nano-regions in the
LAO insulating ﬁlm. Additionally, a transition from insulator to a superconducting state
was obtained by the same ﬁeld eﬀect, at low temperature [31]. These experiments opened
the way to use oxides for potential electronic device applications and storage devices with
high capacity. Moreover they oﬀer a new approach to understand the formation of the
2DEG and its conductivity. For instance, in reference [64] the authors proposed that
oxygen vacancies, but this time at the LAO surface12, could activate the metal/insulator
12The previous kind of doping by the oxygen vacancies was due to defects in the SrTiO3 substrate.
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transition, a theory supported by density functional theory calculations. Later, another
mechanism was suggested when it was realized that the switching process was linked to
water in the environment [65]. Finally, few systems, as ﬁeld-eﬀect transistors [66] and
nano-devices [67, 68] have been recently realized proving the potential applications of the
heterostructure.
1.5 Controversial origin of the 2DEG
Introduction
It has now been 10 years since the creation of a 2DEG at the interface of the LaAlO3-
SrTiO3 system has been discovered. However it has now been also 10 years that a strong
debate is open on the mechanism at the origin of this gas. People have in fact their own
ideas on this origin depending on the studies they rely on and how they interpret them.
An example of how this origin is controversial is given in ﬁgure 1.10 where the authors
of references [7] and [69] are giving their point of view concerning these mechanisms. For
someone that is not working in the ﬁeld, it is diﬃcult to understand why the electronic
transfer mechanism seems to perfectly explain all the experiments in one case while it is
not for the other case. This naive comparison13 perfectly reﬂects the confusion concerning
the mechanism at the origin of the 2DEG. Moreover, this comparison also shows the rapid
evolution of the topic with the additional mechanisms that have appeared between these
two works.
These two mechanisms, electronic reconstruction and surface oxygen vacancies, are elec-
tric ﬁeld driven. However, in references [70–74] the authors found an unexpected conduc-
tivity at the interface between a SrTiO3 substrate and an amorphous LaAlO3 ﬁlm, which
is clearly non-polar. In addition, no signature of an electric ﬁeld, a very important feature
for the 2 previous mechanisms, is found in a few works [75, 76], raising doubt that the
polar catastrophe is a real problem and is at the origin of any mechanism. In fact, it was
shown recently that the conductivity is no longer observed in the amorphous systems [74]
if they are post-growth annealed. Moreover, some experiments do ﬁnd signatures of a
built-in electric ﬁeld [61, 77–79]. However, the values which are found are smaller than
expected by the ﬁeld driven mechanisms and can be attributed to the presence of metal
13A complete explanation of the complex reasons why a observation is not in agreement with a mech-
anism and why it can still be valid for some other effect should be done.
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Figure 1.10: A list of the possibility, or not, for some mechanisms to explain important exper-
imental observations. This show the complete disagreement of the 2 authors, [7]
and [69], and the confusion and debate around the origin. In addition, it shows
the confusion between the electronic reconstruction and the polar catastrophe (see
next section).
electrodes.
This discussion tries to show, using 12 studies, the huge confusion about the origin of the
conductivity in the LaAlO3-SrTiO3 system. However this topic gathers 100 times more
studies. It is for those reasons that, another part of the community believes that only
external defects (see ﬁgure 1.11), such as intermixing, adsorbate at surface or oxygen
vacancies in SrTiO3, are doping the system and creates the gas.
This section gives a description of the diﬀerent mechanisms that can lead to the 2DEG
with their agreements and disagreements with experiment. None of these are highlighted
compare to another and only a brief description is given. The idea is to give a basic
and simpliﬁed description of the mechanisms, not a new and isolated point of view. The
reader can ﬁnd a more complete description and comparison of these mechanisms in a
recent review by Bristowe [12].
The question of how the electronic gas is created can be avoided in the sense that what
may be important is the fact that it is possible to create this gas that has amazing
properties. However depending on the mechanism at the origin of the gas, diﬀerent
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properties can arise since for example oxygen vacancies at LAO surface creates defects
that have a direct inﬂuence on the carriers mobility [1]. The real mechanism can thus have
a direct impact on the properties of the LaAlO3-SrTiO3 system. Additionally, without
knowing the real mechanism at play, it is impossible to predict new systems which show
similar phenomena. We present in this section the 4 main mechanisms that are possibly
at the origin of the 2DEG. First and second are the Zener breakdown and the surface
redox reactions respectively that both need the build-in electric ﬁeld in LaAlO3 to occur
as a result of the polar discontinuity at the interface. The two other mechanisms are the
oxygen vacancies that forms in SrTiO3 and any type of cation intermixing. Both do not
need any electric ﬁeld to occur.
Figure 1.11: Schematic picture of LaAlO3-SrTiO3 with extrinsic defects. The oxygen vacan-
cies, intermixing and hydrogen adsorbate at respectively left, middle and right.
Technical vocabulary
Before the description of the diﬀerent mechanisms, a small technical detail has to be ﬁxed.
Indeed, the usual intrinsic and extrinsic concepts are not really well deﬁned and sometimes
hard to distinguish. For instance are the oxygen vacancies coming from a natural way for
the system to decrease the electrostatic potential or is it due to defects creation during
growth? For this reason, in this work, we split the mechanisms in two diﬀerent types.
First one relies on an electric ﬁeld arising from the polarization mismatch between LAO
and STO and the second kind is not based on the need of this built-in electric ﬁeld. In
addition we need to clarify the usual confusion between the polar catastrophe and the
electronic reconstruction. The polar catastrophe was attributed to systems in which the
electric potential diverges due to the creation of an interface between a polar and a non-
polar material (polar discontinuity). The electronic reconstruction is the transfer of 0.5
electrons per two-dimensional unit cell from the LaAlO3 surface to the SrTiO3 interface
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as a result of Zener breakdown. It is then one of the possible mechanisms that can explain
the creation of the 2DEG by ﬁxing the polar catastrophe problem.
The electronic reconstruction (Zener breakdown)
The electronic reconstruction is a direct consequence of the polar/non-polar interface
that is formed in the LaAlO3-SrTiO3 system. Already in 2000, Noguera showed[80] that
a screening charge on the surface and the interface is needed to avoid the polar catastro-
phe of such systems, usually realized through an exchange of cations in semiconductors.
However for Ti based compounds, the mixed valence state of the titanium (Ti3+ and
Ti4+) allows for the electronic reconstruction. Indeed, the screening charge can be ob-
tained by an electronic transfer of 0.5 electrons per 2 dimensional unit cell, from the LAO
surface to the STO interface and “If the electrons can move, the atoms do not have to
” [34]. This model is rather simple since it is directly based on electrostatics, Gauss’s
law and the use of formal charges disregarding any covalency of the bonds14. However it
captures the main physics of the pristine polar non-polar interface and it is reinforced by
the fact that a metallic interface is found for instance between SrTiO3 and LaTiO3 [81],
LaGaO3 [82] and LaVO3 [83] which are also II-IV/III-III perovskite interface.
A feature that comes naturally from the electronic reconstruction is the thickness depen-
dent metal-insulator transition, ﬁrst observed in references [32, 38]. For very small thin
ﬁlms, LaAlO3 is able to handle the built-in electric ﬁeld and the system is insulating.
This can be visualized by a simple band model where the valence and conduction bands
of LAO are bent by the electric ﬁeld, the intensity of which is linked to the dielectric con-
stant and the net charge. As the thickness increases, the electric band gap of the system
closes leading to the usual concept of Zener breakdown in a capacitor. The energy of the
system is then reduced if electrons at the surface of LAO, which have a high energy due
to the potential and have oxygen 2p character, are transfered to the Ti 3d states at the
interface. The transfer then creates holes that remain in the O 2p states at the surface
of LAO. The electronic reconstruction is schematically represented in ﬁgure 1.12.
The transferred charge density is less than the 0.5 electron per 2 dimensional unit cell,
a value that is only recovered for an inﬁnitely large thickness. As further discussed in
chapter 3, this model predicts a critical thickness between 4 and 6 unit cells of LaAlO3
which is in good agreement with the theoretical [64] and experimental [32] results.
14The reason why will be discussed in chapter 3
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The main features of this mechanism are the pristine interface and surface, the built-in
electric ﬁeld, a natural explanation for the critical thickness and a progressive charge
transfer. A complete description of this mechanism is done in chapter 3.
Figure 1.12: Schematic representation of the band diagram of a polar thin film on a thick
non-polar substrate (n-type interface case). a) The pristine system before the
Zener breakdown. b) The electrons transfer from the surface of the film to the
interface. The Fermi energy is represented by the dotted line. Figure adapted
from reference [84].
The surface redox reactions
Surface redox reactions are another possible mechanism based on the built-in electric
ﬁeld. The prototypical reaction
O2− → 1
2
O2 + VO + 2e−
is a convenient way to create charges (2 e−) and a vacancy (VO). Due to the electric ﬁeld,
the 2 electrons will be transfered to the Ti 3d orbitals at the interface leaving an immobile
and +2e charged vacancy at the LAO surface. This mechanism was originally proposed
by Cen et al. [64] and found to be thermodynamically stable at a critical LAO thickness by
Bristowe et al. [84]. The oxygen vacancies are not created by the growth of the ﬁlm but are
activated by a threshold energy coming from the electric ﬁeld. This mechanism gives by
this fact an explanation for the metal-insulator transition. This model takes into account
the electrostatic energy associated to the electric ﬁeld, a surface-interface chemistry term
and a defect-defect interaction within a mean-ﬁeld approximation. The parameters of the
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model are ﬁtted using density functional calculations [84, 85]. This mechanism and the
electron reconstruction are in a sense in competition since they both need a large electric
ﬁeld to occur but both decrease the ﬁeld when the electrons are transferred. An important
question is then: which mechanism occurs ﬁrst (see reference [12] for a discussion)?
This model allows the transfer of electrons to the interface before the usual critical thick-
ness of 4 unit cell, thanks to several parameters. These charges are observed experimen-
tally before 4 u.c. (see reference [39]) even if they are not mobile. Moreover it also gives
a possible explanation for the trapped charges. Indeed, these vacancies at the surface are
+2e charged defects that create a trapping potential for the electrons at the interface.
The trapping is reduced when the vacancies move away from the electrons i.e. for larger
thicknesses where in addition these trapping regions are spatially larger. Moreover, the
vacancies at the surface are immobile which is a possible explanation of why transport
measurements are not observing holes at the LaAlO3 surface [32] (except for capped
system [41]).
The main features of this mechanism is in fact close to the electronic reconstruction
with a pristine interface, a built-in electric ﬁeld and a natural appearance of a critical
thickness. However some of the features are able to explain results where the electronic
reconstruction seems to fail.
Figure 1.13: Schematic representation of a donor state at the surface, created via a redox
reaction, giving rise to an electron transfer and reducing the electric field. Picture
adapted from reference [84]
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Oxygen vacancies
Figure 1.14: The 3 different regimes that arise due to various partial pressure during growth.
Data from reference [30] and picture from reference [86]
Oxygen vacancies in SrTiO3 are known to transform this insulator into a semiconductor
with high carrier mobility [35, 37, 87] and to highly aﬀect the LaAlO3-SrTiO3 system [1,
37] (see ﬁgure 1.14). For these reasons, oxygen vacancies are a possible mechanism for
the formation of the 2DEG [36–38]. Nevertheless, the quality of the formal SrTiO3
substrates are too high to explain the large charge densities observed in the LaAlO3-
SrTiO3 system. But when the ﬁrst layer of LaAlO3 is deposited on the substrate, the
species can have a high kinetic energy that ablates the STO surface, known to easily form
oxygen vacancies [88]. These oxygen vacancies can also form if the oxygen partial pressure
is too low (10−6 mbar) during the growth or the annealing step as observed in reference [37]
for example. For higher oxygen partial pressure (10−4 mbar), or if the sample is annealed,
it was shown that charge densities dropped below the intrinsic charge carrier limit of 0.5
e−/S and that intrinsic carriers are playing the major role [30]. However, the fact that
no metallic interface is observed for very high partial pressure (10−2 mbar) can rise some
doubt on the intrinsic mechanisms. In addition the same metal-insulator transition is
obtained at the LaAlO3-SrTiO3 (111) system, or even with amorphous LAO, which are
not of the polar/non-polar type [70]. For the (111) system, it can be argued that the
polar surface of STO (111) is compensated before depositing LAO, becoming by this fact,
non-polar15. Turning the system back to the non-polar polar interface since LAO (111)
15Any polar substrate should undergo such a reconstruction, even before the film deposition.
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is polar. It is the same reason why a STO ﬁlm on a LAO substrate is not becoming
conducting [89]. The LAO substrate reconstructs, becoming non-polar, and the polar
discontinuity does not exist anymore. In the case of the amorphous system, annealing
the samples removes the conductivity [74]. However, for a while, these two experiments
were a strong argument against the polar discontinuity. Finally, the 2DEG was only
observed in SrTiO3 substrate systems, suggesting a strong importance of the chemistry
(such as the easy formation of oxygen vacancies in SrTiO3 ).
The main features of this mechanism is the natural appearance of oxygen vacancies in the
LaAlO3-SrTiO3 system. The causes are multiple as the lack of oxygens in the atmosphere
or the impact of high velocity atoms during the growth. In addition no electric ﬁeld is
needed for this mechanism and there is no need for polar discontinuity.
Cation intermixing
Cation intermixing is another mechanism proposed which can possibly explain the forma-
tion of the 2DEG through La-doped SrTiO3 [60] (see ﬁgure 1.15). Indeed starting with a
pristine interface and exchanging La and Sr cations can lead to a n-type doping of SrTiO3
and then conductivity. In perovskites the usual inter-diﬀusion mechanism is between the
same type of atoms i.e. A or B16. In our case, it is then Al3+ ⇔ T i4+ and La3+ ⇔ Sr2+
inter-diﬀusion across the interface that occurs. The La-Sr exchange between interface
and surface (across the whole ﬁlm) can reduce the overall energy by canceling the po-
tential divergence, as done by the 0.5 electron transfer. However an exchange of that
type through several unit cell of LaAlO3 is not necessarily kinetically possible. It is then
important to consider both thermodynamic and kinetic aspects.
In fact a local (or indeed non-local) inter-diﬀusion across the interface (Al3+ ⇔ T i4+ or
La3+ ⇔ Sr2+) is not expected to dope the interface since an electron and a hole are
created at each side and they will recombine. Moreover these two types of diﬀusion are
supposed to be correlated in the sense that they have the same extent. For these reasons,
a simple inter diﬀusion mechanism is not able to explain the doping of the interface and
a full set of chemical processes are needed to clearly understand the complex mechanism
at the origin of the 2DEG. A review on the instabilities and the intermixing is given in
reference [10]. For instance, after a La3+ ⇔ Sr2+ inter-diﬀusion, the hole can be trapped
by a defect (Sr vacancy). Some of the La in STO are then electrically active, as explained
16Oxygen inter-diffusion is also allowed but does not affect the system.
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in reference [10]. Finally, a La-doped SrTiO3 is created which is known to be metallic.
The main features of this mechanism is a defective interface in a globally stoichiometric
system that stabilize the structure compared to an abrupt interface without the need of
any electric ﬁeld. Some additional chemical processes also need to be involved.
Figure 1.15: Cations concentration per layer, showing the interdiffusion at the LAO-STO in-
terface. Adapted from reference [60].
1.6 Remaining puzzles
In the previous section we described diﬀerent mechanisms that were introduced to explain
the 2DEG at the polar/non-polar interface of LaAlO3-SrTiO3 system. If no consensus
has emerged yet within the scientiﬁc community, it is because none of them can provide
a uniﬁed explanation of all experimental data. In this section we will describe the major
incompatibilities for each of these mechanisms.
1.6.1 Electric field driven mechanisms
The “toy” model that is the electronic reconstruction is not compatible with some ex-
perimental results. First of all, spectroscopic measurements [39, 42] observed a signal
of doped STO (Ti3.5+) but before the critical 4 unit cells. However the appearance of
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conductivity at 4 u.c. in transport measurements [39, 42] was a strong argument in favor
of the electronic reconstruction. In this model, LAO is not polar only for inﬁnite thick-
nesses where a total of 0.5 e−/S is transfered. However an experiment [90] have shown
that this regime is already reached at 6 unit cells and that the carrier density is one order
of magnitude lower than expected. In addition the transport measurements [1, 32] are
not able to detect any signature of holes at the LAO surface which is predicted by the
electronic transfer model. In addition recent soft x-ray angle-resolved resonant photo-
electron spectroscopy citePhysRevLett.110.247601 sees no states crossing the Fermi level
at the surface. However, experiments with capping STO layers on top of the LAO ﬁlm
were able to detect the existence of holes at the surface [41, 91]. This suggest that the
holes may exist but might be trapped and undetectable.
We remind the reader that the redox reaction mechanisms could possibly explain these
problems. For instance the vacancies created at the LAO surface are naturally immobile
and the parameters allow a smaller critical thickness than 4 unit cells.
However, none of these mechanisms could explain why the value of 0.5 e−/S is not re-
covered for large LaAlO3 thicknesses for instance. Moreover these mechanisms are based
on the polar discontinuity and do not require any external defects to occur. However
the LaAlO3-SrTiO3 system is far from being ideal and some disorder or defects have to
be added to improve the level of description of such mechanisms based on pristine com-
pounds. The problem of these model are then their lack defects which can, for instance,
add the possibility of Anderson localization or of trapped charges by acceptors created
by cationic diﬀusion.
1.6.2 Non electric field driven mechanisms
The semiconductor community is used to associate external defects, such as cationic
inter-diﬀusion, to the formation of an electronic gas. In addition, it is known that the
LaAlO3-SrTiO3 interface experience inter-diﬀusion and that SrTiO3 is very sensitive to La
or vacancy doping. These eﬀects can prevent the polar discontinuity to occur but only if
they travel across the whole ﬁlm. However, the case of oxides thin ﬁlm heterostructures
might be diﬀerent from semi-conductors since a new pathway is feasible. Indeed the
appearance of conductivity only after 4 u.c. is diﬃcult to explain by these mechanisms.
In addition after annealing the sample at high oxygen partial pressure, it is still conducting
with a quantity of carriers that is too large to be explained by simply an oxygen vacancy
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doping [28]. In addition a recent paper by Warusawithana et al. [92] showed that results
on samples grown by molecular beam epitaxy (MBE)17 excluded extrinsic causes such as
La-doped SrTiO3 or as oxygen vacancies in STO due to less aggressive growth conditions.
The oxygen vacancies and the intermixing are surely present and playing a role in the
LaAlO3-SrTiO3 heterostructure. However, it is not likely that they can, by themselves,
explain all the results on the system.
1.6.3 Open issues
Within the last 10 years many diﬀerent groups have grown LaAlO3-SrTiO3 samples with
their own growth conditions. These growth methods evolved during the last 10 years
as well as our understanding of the complex chemistry that arises in these systems. In
addition the ﬁeld has evolved rapidly and our understanding of some eﬀects also. For
that reasons a huge amount of diﬀerent samples has been grown with diﬀerent growth
conditions and we know now that a small diﬀerence in the stoichiometry for instance
can aﬀect the mobility by two orders of magnitude or even destroy the metal-insulator
transition[92]. It is known that nature always uses the easiest path, here to cancel the
diverging potential, and depending on the sample (La rich, O2 poor, ...) this path can be
either electronic or cationic. First thing to do is then to ensure ourselves that the system
is really in a polar discontinuity regime. If some defects occur, as La doping or oxygen
vacancies, the fact that a 2DEG gas is formed due to defects is not excluding the polar
discontinuity scenario. But only means that in this particular case the easiest path was
that one. In addition, sometimes, a study can add some confusion for the community, as
for the LaAlO3-SrTiO3 (111) or the LAO amorphous cases, previously discussed.
We will then split the systems into two categories, the one where the polar discontinuity
exist and the ones where it doesn’t. Indeed it is known that SrTiO3 can be doped by
La or oxygen vacancies and become a semi-conductor and in that case the question of
electronic reconstruction or whatever is pointless because there is no need of it. However,
what happens if such a polar discontinuity exist? What would be the consequence and
properties of those systems? This is what this thesis is about. For that reason we will
focus on the polar discontinuity and the consequences of the polar discontinuity.
17MBE allows for high quality samples due to much lower kinetic energy species during the growth.
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1.7 Goals of this work
Notice that, whilst a fairly large amount of theoretical works exist in literature based
on density functional theory (DFT) calculations, they are invariably carried out by local
density (LDA) or generalized-gradient (GGA) approaches. It is worth emphasizing that
whilst structural properties for insulating oxides are satisfactorily described in LDA and
GGA, whatever concerns the LDA or GGA description of the conduction band alignment
at the interface (a crucial aspect in the description of Zener breakdown, indeed) must be
considered seriously faulted and not at all reliable.
For that reason, one initial motivation in this work was to reproduce the main results on
the LaAlO3-SrTiO3 system previously obtained by local or semi local functional approx-
imation using a more advanced approach. This will be the ﬁrst fully consistent study
of the LaAlO3-SrTiO3 system using a hybrid functional, B1-WC. This will not only re-
produce the previous results on LaAlO3-SrTiO3 system but also improve the description
of the electronic behavior known to be poorly characterized by conventional function-
als. We will show that our results are in fact in qualitative agreement with the previous
DFT calculations and also with the polar catastrophe scenario. These results are part of
chapter 3.
The second part of this thesis is dedicated to testing the origin of the 2 dimensional
electron gas within a polar discontinuity background with the help of experimentalists.
Using the LaAlO3-SrTiO3 systems described in chapter 3 for diﬀerent thicknesses we will
show, in an indirect way, that the evolution of the lattice parameter in LaAlO3 measured
experimentally is in agreement with the prediction of the build-in electric ﬁeld of the polar
catastrophe. This is part of chapter 4 which is based on the results already published
in reference [90]. In chapter 5 we will show that the critical thickness, tc, can be tuned
with respect to the formal charge of the compound that is deposited on the SrTiO3
substrate. By choosing a solid solution of LaAlO3 and SrTiO3 we create an insulating
material in which the formal charge of LAO is diluted by STO with respect to the ratio
of the 2 materials. The evolution of tc is observed experimentally and corresponds to the
theoretical prediction of the electronic reconstruction as presented in reference [93].
Despite the fact that our results with the hybrid functional are qualitatively in agreement
with conventional functionals we have access to a better description of the electronic
properties of the system. We will use this advantage to describe the properties of the 2
dimensional electronic gas in the third part of this work. In chapter 6 the repartition of
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the carriers in the Ti 3d orbitals is given with respect to the charge density. A threshold
in the density is observed where new kind of Ti bands, having others transport properties,
start to be populated. These results are based on reference [94].
This will ﬁnalize the work realized on the LaAlO3-SrTiO3 system where we characterized
the system (chapter 3), look at the origin of the 2DEG (chapter 4 and 5) and ﬁnally
studied the gas properties (chapter 6).
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First principles methods and
theoretical background
The aim of this chapter is to give a brief description of the ﬁrst-principles techniques
used in this thesis. In addition, some practical details concerning theoretical calculations
are given and, ﬁnally, we describe the systems that have been modeled. Additional
information on density functional theory can be found for example in the review of K.
Capelle [95] or the book of R. M. Martin [96].
2.1 The many body problem
To describe a macroscopic crystal, one needs in principle to obtain the quantum mechan-
ical ground-state of the interacting electrons and nuclei by solving the time-independent
Schrödinger equation:
H(R, r)Ψ(R, r) = E(R, r)Ψ(R, r), (2.1.1)
where H(r,R) is the Hamiltonian of the system, Ψ(r,R) is the many-body wave function
of all the particles and E is the total energy of the system. The potential energy comes
from diﬀerent interactions: i) between the electrons Vee, ii) between the nuclei VNN , iii)
and between the electrons and the nuclei VeN . In addition the electrons and the nuclei
have their own kinetic energy, respectively Te and TN . If the set of nuclei coordinates
{RI} and of electrons coordinates {ri} is respectively written R and r the Hamiltonian
of the interacting electrons plus nuclei is:
H(R, r) = TN (R) + Te(r) + Vee(r) + VNN(R) + VeN(R, r), (2.1.2)
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where we have
TN (R) = −~
2
2
∑
I
1
MI
∂2
∂R2I
(2.1.3)
Te(r) = −~
2
2
∑
i
1
mi
∂2
∂r2i
(2.1.4)
Vee(r) =
e2
2
∑
I 6=J
1
‖RI −RJ‖ (2.1.5)
VNN(R) =
e2
2
∑
i6=j
ZIZJ
‖ri − rj‖ (2.1.6)
VeN(R, r) = −e2
∑
iI
ZI
‖ri −RI‖ , (2.1.7)
(2.1.8)
with ZI and MI the charge and the mass of nucleus I and −e and mi the charge and the
mass of electron i.
A common approximation is to neglect TN(R) due to the relation between the masses:
mi << MI . This constitutes the usual approximation due to Born and Oppenheimer, al-
lowing to separate the electronic and the nuclear degrees of freedom, Ψ(r,R) = ϕ(r)γ(R),
given that the mass on a nuclei is much bigger than that of the electron. This is equiva-
lent to consider that the electrons instantaneously follow the nuclei displacement. In this
approximation the Born Oppenheimer Hamiltonian can be written as:
HRBO(r) = Te(r) + Vee(r) + VNN(R) + VeN(R, r), (2.1.9)
where the ion coordinates are no longer a variable but a parameter.
Within this approximation only remains the kinetic energy operator of the electrons Te,
their interaction energy operator Vee, the interaction energy of the nuclei VNN and the
potential energy operator of the interacting electrons with the nuclei VeN . The advantage
of the electronic Hamiltonian is that now, the electrons can be seen as interacting with an
external potential that is ﬁxed by the nuclei positions. Finally, VNN(R) can be omitted
since it is now just a constant that shifts the eigenvalues.
In principle one could use the Schrödinger equation to determine the electronic wave
function ψ(r) of a system at ﬁxed ionic positions and then calculate the total energy.
Unfortunately, even in this simpliﬁed context, it is impossible to solve the equation 2.1.1
for a macroscopic solid that contains a very large number of interacting electrons. A
possible way to solve this problem was proposed by P. Hohenberg, W. Kohn and L. J.
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Sham. They created the basis of a new ﬁeld, the density functional theory, which is the
most widely used theoretical approach to date.
2.2 Density functional theory
2.2.1 Hohenberg and Kohn theorem
The seminal paper by P. Hohenberg and W. Kohn [97] set the main concept of the
density functional theory. The purpose is to replace the many body wave function by the
density n(r) as a basic variable of the system. The key feature of this achievement is the
one-to-one correspondence between the electronic ground state density and the external
potential that ﬁxes the Hamiltonian. If the density ﬁxes completely the Hamiltonian it
should de facto provide access to all the properties of the system. The authors so deduced
the existence of a functional of the density F [n(r)] for which the minimum value of the
total energy density functional
Eel [n(r)] =
∫
Vext(r)n(r)dr+ F [n(r)] (2.2.1)
is the ground-state energy of the system, where Vext is the external electrostatic potential
due to the nuclei. Conversely, since it is a one-to-one correspondence, the electronic
density which corresponds to the ground state minimizes the energy, under the condition
that
∫
n(r)dr = N, (2.2.2)
where N is the number of electrons. This formalism allows to replace the search of the
many-body wavefunction that depends simultaneously of 3N degrees of freedom by that
of a density that only depends on the three spatial coordinates. However at this stage, it
is simply a proof of concept that can only become useful and tractable as long as F [n(r)]
is known which is, unfortunately, not the case.
2.2.2 Kohn and Sham ansatz
A tractable approach to DFT was delayed until a second paper, written by W. Kohn and
L. Sham [98], where they proposed a way to obtain the functional F [n(r)] correspond-
ing to the many-body system. It is still now the underlying idea of the ﬁrst-principles
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implementation in condensed matter. The concept is to map the system of interacting
particles into a set of ﬁctitious non-interacting particles moving in an eﬀective potential
such that both have the same ground state electronic density.
The many-body electronic energy corresponding to equation 2.1.9 can be written in term
of the density as
Eel [n(r)] =
∫
Vext(r)n(r)dr+
F [n(r)]︷ ︸︸ ︷
Te [ϕ] +
1
2
∫
n(r)n(r′)
‖r− r′‖ drdr
′
︸ ︷︷ ︸
EH
+Exc [n(r)] (2.2.3)
where the successive terms represent, respectively, the interaction between the electrons
and the ﬁxed ions corresponding to an external potential, the electronic kinetic energy,
the Hartree energy EH [n(r)] that corresponds to the classical Coulombic interaction
between electrons and ﬁnally the exchange-correlation energy Exc[n] that contains all the
electron-electron interactions going beyond the classical Hartree term.
At this stage, the functional F [n(r)] appears as made of three terms and EH [n(r)] already
depends explicitly on the density. Then, within the Kohn and Sham ansatz, the kinetic
energy of the non-interacting particles can be obtained from the single particle wave
functions. In this context, F [n(r)] can be written as:
F [n(r)] = Te [ϕ] + EH [n(r)] + Exc [n(r)] (2.2.4)
= Ts [ψ] + EH [n(r)] + Exc + Te − Ts︸ ︷︷ ︸
EDFTxc [n(r)]
(2.2.5)
where, using the one-body wave function ψi,
Ts [ns(r)] = −12
∑
i
〈ψi|∇2|ψi〉 (2.2.6)
ns(r) =
∑
i
‖ψi(r)‖2 (2.2.7)
are respectively the kinetic energy and the electronic density of the non-interacting par-
ticles. In equation 2.2.5, a new term, EDFTxc [n(r)] = Exc + Te − Ts, has been introduced1.
This term corresponds to the many-body exchange-correlation energy, supplemented by
a small kinetic energy contribution coming from the fact that the kinetic energy of the
non-interacting and interacting systems are not exactly the same.
1This transformation of the exchange-correlation energy in DFT compared to the one of the many-
electron interacting system is an important aspect that will appear for the class of hybrid functionals,
see later.
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Initially F [n(r)] was unknown and the DFT was not usable. At this stage and after
all these transformations, EDFTxc is still unknown. The advantage of this reformulation is
that an approximate form of EDFTxc is more easy to ﬁnd as it will be discussed in the next
section.
Kohn and Sham have shown that the many-body and one-body systems can have the
same electronic ground state density making possible to pass from one system to the
other one. The only condition is that the particles of the non-interacting system move in
an eﬀective potential given by:
vs(r) = Vext(r) + VH(r) + Vxc(r), (2.2.8)
= Vext(r) +
∫
n(r′)
‖r− r′‖dr
′ +
δExc [n]
δn(r)
(2.2.9)
that represents the contribution of all the ions and all the other electrons. It assumes that
such a system of non-interacting particles exists. Moreover, the exchange and correlation
terms are still unknown and need to be approximated, as it will be further discussed in
the next section.
In summary, the real many-body interacting electron problem can be mapped into a non-
interacting particle system that move in an eﬀective potential, both having the same exact
ground state electronic density. One of the practical methods to obtain this density is to
use the one-body wave functions ψi with the usual Schrödinger equation, the normalizing
condition 〈ψi|ψj〉 = δij and the following set of equations :

[
−1
2
∇2 + vs
]
|ψi〉 = ǫi|ψi〉
vs [r] = Vext(r) +
∫ n(r′)
‖r− r′‖dr
′ +
δExc [n]
δn(r)
ns(r) =
∑
i
‖ψi(r)‖2
(2.2.10)
The ground state total energy Eel [n(r)] (equation 2.2.1) is not equal to the sum of the
independent eigenenergies ǫi that overcounts the electron-electron interaction. However
the density ns(r) is supposed to be equal to the one of the real system and can be used
in equation 2.2.3 to ﬁnally deduce the ground state total energy Eel [n(r)].
The equations 2.2.10 are used by the simulation program CRYSTAL [99] that solves the
Schrödinger equations i.e. that diagonalizes a matrix. Another method, used in the
simulation package ABINIT [100], is to obtain the ground state density by minimizing
the equation 2.2.10b. Here, we explain the method used by CRYSTAL since it is the
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simulation package we used for this work. At this stage the original many-body problem
is greatly simpliﬁed but the equations 2.2.10 are highly nonlinear and need to be solved
self consistently. As a starting point, a guess electronic density ni−1(r) for a ﬁxed set
of atomic positions R is used to generate the eﬀective potential vs [r]. The Schrödinger
equations are solved giving the ground state wave functions |ψi〉, which are used to
generate the new density ni(r). At that point, a self-consistent criterion is considered:
|ni−1(r)− ni(r)| ≤ ǫ, (2.2.11)
where ǫ is the threshold to stop the self-consistent cycle. If the criterion is not satisﬁed,
a new density ni+1 is generated via the mixing of the two previous ones ni and ni−1 and
the self-consistent cycle continues. When the criterion is ﬁnally satisﬁed, it means that
the density ni(r) corresponds to the density of the fully interacting many-body system.
ni(r) can be used in the real system, ﬁxing by this fact Vext(r) and the Hamiltonian.
This procedure can be schematically represented as followed:
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Initial density:
ni−1(r)
Eﬀective potential:
vs [r] = Vext(r) +
∫ n(r′)
‖r−r′‖
dr′ + δExc[n]
δn(r)
Schrödinger equation:[
−1
2
∇2 + vs
]
|ψi〉 = ǫi|ψi〉
New density:
ni(r) =
∑
i ‖ψi(r)‖2
Self-consistent density ?
|ni−1(r) − ni(r)| ≤ ǫ
ni(r):
ﬁnal ground
state density
Properties
NO
ni+1 = xni + (1 − x)ni−1
YES
2.3 Practical implementation of DFT
In the previous section we have shown that the Hohenberg and Kohn theorem combined
with the Kohn and Sham ansatz give rise to a theory based on the density, able to describe
a quantum many-body system. However, even if mathematically exact, this theory does
not provide the exchange and correlation energy that needs to be approximated.
Here, we introduce some approximations that are used in the density functional theory.
These are of two types. Firstly, a choice has to be made to approximate the exchange and
correlation terms. This choice can aﬀect the ability of a simulation to properly describe
a system. This is the biggest approximation that is done in DFT and changing from
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one to another choice does not necessarily improve the results. Secondly, computational
approximations are also needed to make the calculations tractable, as usually done by
coarse graining, and are linked to time consideration. For example, an inﬁnite sum
needs to be truncated and it is always possible to increase the precision by adding more
terms to the sum. In this case, adding these terms will always lead to a more precise
result, increasing however, the computational time and the resources needed. For that
reason, convergence calculations are mandatory to obtain a good precision of the material
properties in a reasonable computational time. This section is a general approach; the
choice of the basis sets, pseudopotentials and other technical details are given in the next
section.
2.3.1 Exchange and correlation functional
In the Kohn and Sham formalism, the only reason why the theory is not exact is due to
the exchange and correlation term. In any DFT calculations, a choice has to be made
to approximate these interactions. In this section, we describe the diﬀerent possible
approximations.
Local and semi-local approximations
The ﬁrst and still widely used approximation that was proposed to describe the DFT
exchange-correlation term is the Local Density Approximation (LDA) [98]. In this func-
tional, the exchange and correlation energy per particle ǫxc(r) at point r is assumed to i)
only depend on the density at that point and ii) be the one of a homogeneous electron
gas with the same density:
ELDAxc [n] =
∫
ǫhomxc ([n], r)n(r)dr. (2.3.1)
The analytic form of the exchange energy of a homogeneous electron gas is known exactly,
ǫhomx [n] = −
3
4π
(
3π2n
)1/3
, (2.3.2)
while the correlation part can be calculated from quantum Monte Carlo simulations [101]
once for ever and used in all calculations. This approximation, despite being crude, is
widely used since it gives a (surprisingly) good agreement with the structural and dy-
namical experimental data, with the advantage of its simplicity. However, it is commonly
accepted that the bond lengths are typically too small and cohesive energy not very well
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described. Also, the band gap energy is almost always, and usually highly, underesti-
mated by this functional.
An obvious extension to the LDA approximation, which however does not necessarily im-
prove it, is to include the additional information contained in the variation of the density.
A ﬁrst attempt was to include terms as |∇n(r)| or |∇2n(r)| etc., to the LDA approxi-
mation giving rise to what is called semilocal (quasilocal) approximation. However, the
eﬀect was not an improvement but was usually worse than the local functional. Finally, a
breakthrough was reached when one realized that a more general function of the density
and the gradients and higher order derivatives was a better choice than a power series
expansion, leading to the concept of generalized-gradient approximation (GGA) [102],
EGGAxc =
∫
f (n (r),∇n(r)) dr. (2.3.3)
In the LDA approximation the number of diﬀerent functionals (Perdew-Zunger, Teter ...)
are linked to various ﬁt of Monte Carlo data for the correlation term. However the GGA
functionals [102] are much more diﬀerent due to various ﬁtting parameters and various
constraining conditions. For a long time, the most popular functional was the Perdew,
Burke and Ernzerhof (GGA-PBE) [103] approximation later improved to increase the
description of solids and surfaces [104]. It was Wu and Cohen that pointed out the
incapacity of the PBE functional to properly describe solid and surface aspects, resulting
to their own functional (GGA-WC) [105]. The PBE-sol just applies this improvement to
the PBE functional.
Hybrid functionals
A shortcoming of the DFT is that some parts of the exchange and correlation energy are
not the one of a fully interacting system but are a speciﬁc average of non, partially and
fully interacting systems2. This problem gives rise to the concept of hybrid functional
that try to reobtain the exact exchange energy as in the Hartree-Fock theory. The hybrid
functional is a mix of usual LDA or GGA approximations with an exact exchange from
the Hartree-Fock theory. A formal justiﬁcation of this mix can be provided through
the adiabatic connection formula [106, 107] that continuously link the non-interacting
system of KS (λ = 0) to the fully interacting system (λ = 1) where λ characterize the
electron-electron interactions (the interaction strength is λe2).
2As discussed in the previous section, a part of the kinetic energy is transferred in the exchange and
correlation DFT term: EDFTxc = E
MB
xc + T
MB
e − TKS .
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It was A. Becke who for the ﬁrst time used and showed the improvement brought by such
functionals [108] that includes one or more parameters. Since that time many hybrid
functionals have been developed, B3LYP [109, 110], HSE [111] etc, that diﬀers by the
number of parameters and the source of the exchange and correlation corrections (ab
initio or empirical). As an example, the B3LYP3 approximation is given by:
EB3LYPxc = E
LDA
x + a0( E
HF
x − ELDAx )
+ (1− a0)ax( EGGAx − ELDAx ) +ELDAc
+ ac( EGGAc − ELDAc ) ,
(2.3.4)
where a0 = 0.20, ax = 0.9 and ac = 0.81; EGGAx and E
GGA
c are respectively the exchange
terms of Becke [112] and the correlation of Lee, Yang and Parr [113]. In addition, many
alternative functional can be deﬁned by tuning the parameters to ﬁt with the experimental
data4.
Although very popular and widely used, B3LYP was shown to be inappropriate for per-
ovskite compounds like BaTiO3 or PbTiO3, providing a fake super tetragonal ground-
state comparable to that obtained in GGA-PBE. The problem was traced back in the
Becke’s GGA exchange part [114]. In order to bypass that problem a new hybrid func-
tional was introduced for ABO3 compounds. It relies on a much simple B1 approach,
involving only one parameter and the Wu and Cohen GGA that was shown to reproduce
nicely the structural properties of perovskites. The so-called B1-WC functional is deﬁned
as:
EB1−WCxc = E
GGA−WC
xc + a0(E
HF
x − EGGA−WCx ), (2.3.5)
with a0 = 0.16 (it corresponds to equation 2.3.4 with ac and ax ﬁxed to 1 and the
resulting simpliﬁcations). The a0 parameter was ﬁxed by Bilc et al. in order to best
ﬁt the electronic and structural properties of BaTiO3. It was then shown that the so-
deﬁned B1-WC functional reasonably reproduce the electronic and structural properties
of various perovskite oxides, including magnetic systems and multiferroïcs [115–117]. Its
main advantage over typical LDA or GGA approaches is that it provides more correct
bandgaps while retaining the accuracy of the GGA-WC functional at the level of the
structural properties. A recent review by Franchini [118] is dedicated to hybrid functionals
applied to perovskites.
3B for Becke approximation, 3 for the number of parameters and LYP for the approximation of Lee,
Yang and Parr
4It is actually not the case for the B3LYP functional.
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2.3.2 Periodic boundary conditions
When modeling periodic crystals, it is often convenient to use Born-von Karman periodic
boundary conditions. It allows to i) represent the system with a basic unit cell5 that is
inﬁnitely and periodically repeated in the three spatial directions and to ii) represent the
wave functions of the system with a particular form: the Bloch functions. The Bloch’s
theorem, that requires a periodic potential, shows that the wave function can be written
as the product of a plane wave and a function unk(r) that has the crystal periodicity,
giving
ψnk(r) = eik.runk(r), (2.3.6)
where k is a vector of the reciprocal space and n is the band index. In this reciprocal
space, also called the k-space, several vectors k correspond to the same ψnk(r) and usually,
the k-space is restricted to non equivalent vectors, referred as the ﬁrst Brillouin zone.
In the limit of an inﬁnite solid, the sum over a ﬁxed number of k-points is transformed
into an integral over an inﬁnite number of k-points. In practical DFT calculations, the
number of k-point used to represent the wave function is truncated and convergence
calculations are needed to include enough k-points to reach a suﬃcient precision within
a reasonable computation time. This is called the k-point sampling and it is always
possible to increase the level of accuracy of a calculation by increasing this sampling.
These periodic boundary conditions are very convenient to represent bulk materials or
superlattices but are less appropriate for isolated thin ﬁlms or systems containing defects.
For this reason, we brieﬂy describe some particular approaches used in DFT, such as the
primitive cell or the supercell. In this way, we hope to help the reader not used to DFT
calculations to understand why, in DFT, some systems are easily modeled and why some
others are not.
Point defects
The restrictions due to the repetition of a building block to represent the system are
shown with a particular simple example. The system in ﬁgure 2.1a is composed of A and
B atoms and can be reproduced with the unit cell shown in dashed line6. In this case,
5This one is called primitive cell if it is the smallest cell that reproduces the crystal.
6The choice of the unit cell is not unique and the smallest unit cell that can reproduce the solid is
generally called the primitive unit cell.
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the description of the crystal is realized through the primitive unit cell that contains only
2 atoms. Nevertheless, to model the same system but with one over 4 B atoms missing,
ﬁgure 2.1b, it not possible to use the same primitive unit cell. Indeed, by removing the
atom B of this cell, all the atoms B of the system are removed. A possible solution is
to take a bigger unit cell of at least 8 atoms, 4 A plus 4 B, and to remove one B atom
in that bigger unit cell. However, the system contains additional atoms (8 instead of 2).
It is then more time consuming, or even impossible, to model a system that contains
defects7. More importantly, this unit cell represents only a speciﬁc way to model a 25%
defect system. It does not necessarily correspond to the conformation of the sample where
defects can be agglomerate, homogeneous etc.
Figure 2.1: A system composed of A and B atoms with the corresponding unit cell at top right.
Down right is shown the unit cell to obtain 1 over 4 B atom defect
Supercell approach
In viewpoint of periodic system, the interface or surface can be considered as a two-
dimensional defect. Some tricks are required to overcome the limitations due to the
periodicity imposed in the DFT calculations. As example, the ﬁgure 2.2 represents a
system composed of 3 layers of A atoms with 2 layers of B atoms on top. The use of a
particular cell, that already contains the complete system, allows to reconstruct it. This
approach is called the supercell. In our example, by choosing a supercell composed of 3 A
atoms and 2 B atoms, as represented in ﬁgure 2.2, the periodic boundary conditions lead
to a repeated series of 3 A atom layers and 2 B atom layers stacks. However, due to the
periodicity, not only a A-B interface is created but also an additional B-A interface. If
this interface in not desired, it is possible to add some vacuum at the end of the supercell,
creating isolated system, as represented in ﬁgure 2.2. The vacuum has to be large enough
7In addition it can also break symmetries further increasing the complexity and calculation time.
45
Chapter 2: First principles methods and theoretical background
to avoid any interactions (electrostatic which is long range) between the repeated cells.
In many DFT programs making use of a plane-wave basis set, an increase of the vacuum
thickness leads to an increase of the computational cost due to the complexity to represent
the vanishing of the electronic density in the vacuum. This problem is avoided when
making use of local basis functions like in CRYSTAL or SIESTA [119]. In this case,
very large vacuum regions can be included at no cost and isolated slabs can be properly
modeled (in practice periodic boundary conditions are preserved but vacuum regions of
500 Å or more are included).
Figure 2.2: Representation of a system with a supercell approach. a) The system, with two
interfaces due to the periodicity, and its supercell. b) The same system, but with
only one interface thanks to the addition of vacuum, and its supercell.
2.3.3 Basis set
We have shown that in an inﬁnite and periodic solid with Born-von Karman periodic
boundary conditions, the wave functions can be written in terms of Bloch functions
(equation 2.3.6). Various mathematical representations, also called basis sets, are pos-
sible. Due to the form of the Bloch function, it is very convenient to use a plane wave
basis set: ψnk(r) = Cei(k+G).r where G is a vector of the reciprocal space. Practically,
the number of plane waves is limited by a cutoﬀ energy which requires convergence cal-
culations to be determined. Again, an increase of the cutoﬀ energy always leads to more
accurate calculations. The diﬃculty to reproduce highly localized orbitals with plane
waves basis set leads to the concept of a pseudopotential, see later.
Another approach, usually more common in chemistry, is the linear combination of atomic
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orbitals (LCAO). Then the atomic orbitals can be described by Gaussian orbitals8. Un-
fortunately, a single Gaussian is not able to describe the electronic wave function near
the nucleus and so they are usually contracted as follow:
χ (r, θ, φ) =

∑
j
Cje
−αjr2

[rlYlm(θ, φ)] , (2.3.7)
where Ylm(θ, φ) are spherical harmonics and the Cj is the contraction coeﬃcient with a αj
exponents. The atomic orbitals of each atom are then a linear combination of Gaussian
basis functions. In this case, it is not a cutoﬀ energy that is needed but the number
of contractions that is used to describe a speciﬁc orbital. With Gaussian it is more
convenient to reproduce the tightly bound core orbitals allowing to describe both valence
and core electrons, called all electrons basis. However, pseudopotentials are usually used
for heavy atomic elements.
2.3.4 Pseudopotentials
The rapid variation of the wave function around the nuclei of core electrons is not easily
described with a limited basis set. In addition these core electrons are subject to rela-
tivistic eﬀects and the internal electrons close to the nucleus are subject to a diverging
Coulomb potential. For these reasons, it is not easy and it is time consuming to de-
scribe heavy elements through a limited basis set. Thankfully, some simpliﬁcations can
be realized thanks to diﬀerent considerations.
Firstly, the core electrons are only slightly aﬀected by the crystal formation and only the
valence electrons form the chemical bonds. In addition the properties of solids are mainly
linked to valence electrons. It is then reasonable to approximate the core electrons wave
functions by the one of the isolated atom. This is the frozen-core approximation.
Secondly, the properties of the crystal are not really sensitive to the valence electrons
wave functions in the core region due to the large screening by the core electrons in that
region. It is then legitimate to transform the diverging potential yielding fast oscillating
wave functions in the core region to a smooth pseudo-potential. This is equivalent to
consider that the core electrons are gathered with the nucleus to form a rigid ion and
that the valence electrons are interacting through an eﬀective potential with that ion.
8Another common choice is to use numerical atomic orbitals as it is done in the simulation package
SIESTA [119].
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This is the pseudopotential approximation [120, 121]. Within this approximation the
previous problems of the basis set are avoided and the calculations are faster.
2.4 DFT study of the LAO/STO interface
In this section, we describe the diﬀerent choices of approximations that we used for
this work, such as the exchange and correlation functional, the pseudopotentials or the
convergence criteria. In addition, we describe the diﬀerent kind of systems that we
modeled for this work.
2.4.1 Technical details
Exchange and correlation functional
If standard local (LDA) and generalized-gradient (GGA) approximations are reasonably
accurate in the description of structural properties of wide bandgap insulators, they
both fail to correctly treat strongly correlated and localized systems (3D systems, sur-
face/interface, ...). Moreover, because of the typical bandgap problem they usually fail
to reproduce the correct band alignment at interfaces.
LDA+U or GGA+U are giving better results concerning the electronic properties but the
value of U is unknown and it is not transferable between diﬀerent systems or diﬀerent
simulation programs. In addition, the improvement on the electronic structure thanks
to a better electron localization has a cost. For instance, it is know that LDA+U can
have a large impact on phonon frequencies and on the polarity of the modes, aﬀecting the
dielectric constant for instance. In fact, depending on the U value, the dielectric constant
of SrTiO3 can decrease from ∼ 300 to ∼ 30 while this parameter has a large impact on
the LaAlO3-SrTiO3 properties, especially the screening and the localization of the gas in
STO.
For the systems described in this work these shortcomings have a major importance and
an appropriate beyond-local density functional method should be exploited. For these
reasons, in this work the so called B1-WC hybrid functional [114] will be used.
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Basis set and pseudopotential
The Gaussian basis set has the advantage that it is localized functions, decreasing com-
putation time comparing to plane wave basis set which are extended in space. This kind
of localized basis is an advantage when modeling ﬁnite system such as two-dimensional
slab [119]. Indeed, in a slab, the electronic density brutally vanish at the surface and
localized Gaussians easily reproduce that behavior, unlike plane waves. In addition the
interactions of the 3d electrons are more easily represented with atomic orbitals than
plane waves9. Finally the exact exchange energy, which is used in B1-WC, is easily
expressed in term of Gaussians.
All the electrons have been included in Ti [122], O [123] and Al [124], while we use a
Hartree-Fock pseudopotential [123] for Sr and the Stuttgart energy-consistent pseudopo-
tential [125] for La. The basis sets of Sr and O were speciﬁcally optimized for SrTiO3.
In the basis set of La, the Gaussian exponents smaller than 0.1 were disregarded and the
remaining outermost polarization exponents for the 10s, 11s shells ( 0.5672, 0.2488), 9p,
10p shells (0.5279, 0.1967), and 5d, 6d, 7d shells (2.0107, 0.9641, 0.3223), together with
Al 4sp (0.1752) exponent from the 8-31G Al basis set, were optimized for LaAlO3.
Reciprocal space
The Brillouin zone integrations were performed using a 6×6×1 mesh of k points, and the
self-consistent calculations were converged up to an energy threshold of 10−8 Hartree. An
extra-large predeﬁned pruned grid consisting of 75 radial points and 974 angular points
was used for the numerical integration of charge density. After relaxation, new wave-
functions are obtained using an energy threshold of 10−9 Hartree and a 12×12×1 mesh
of k-points. In addition, we used a gilat mesh that is always doubled compare to the
latter mesh giving us a better description of the Fermi energy and the density matrix.
All properties are obtained using a new k-mesh of 24×24×1 and doubled gilat mesh.
Convergence criteria
The structural optimizations were performed until reaching together thresholds of 3 10−5
Hartree/Bohr on the root-mean square values of forces and of 1.2 10−4 Bohr on the root-
mean square values of atomic displacements. The level of accuracy in evaluating the
9The d orbitals are strongly localized compare to other orbitals
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Coulomb and exchange series is controlled by ﬁve parameters [99]: the values used in our
calculations are 7, 7, 7, 7, and 14.
Simulation package
The B1-WC calculations have been performed using the linear combination of atomic
orbitals (LCAO) as implemented in the CRYSTAL code [99], which adopts Gaussian-type
basis sets including polarization orbitals. Additionally, the CRYSTAL [99] simulation
program allows a very large vacuum thickness (500 Å) without any additional time cost.
In a ﬁctitious way, this cancels the periodic boundary conditions without any dipole
correction. This program is then well suited for the modelisation of a LaAlO3 thin ﬁlm
on top of a (001) SrTiO3 substrate.
2.4.2 Modeled systems
Generalities
In this work, we always referred to the LaAlO3-SrTiO3 system in a general way. However,
diﬀerent kind of systems can be modeled that diﬀer by the choice of some degrees of
freedom. In addition, this work has diﬀerent concerns as the possible origins of the
2DEG or its properties. To reach these goals, some speciﬁc LaAlO3-SrTiO3 systems had
to be modeled but by taking into account the speciﬁc ways a system is modeled in DFT.
In this work, only the (001) oriented STO substrate is considered. In that speciﬁc orien-
tation, LaAlO3 is formed of charged planes, (LaO)+ and (AlO2)− and SrTiO3 of neutral
planes, (SrO)0 and (TiO2)0. For all cases, a few layers of LaAlO3 are deposited on a thick
SrTiO3 substrate which clearly imposes a planar tensile strain on LAO and a resulting c
axes contraction, as discussed in the previous section.
The systems modeled in this work are based in the following degrees of freedom:
 First of all, theoretically, it is possible to model a 2 dimensional slabs or a 3 dimen-
sional superlattice. The latter is a repetition of a supercell which is a cell containing
a certain number of layers, without any vacuum. Slabs are composed of LaAlO3 and
SrTiO3 layers but surrounded by vacuum. This one has to be big enough to avoid the
interaction between two repeated systems which cannot be avoid due to the three direc-
tional boundary condition imposed by the DFT.
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 An other degree of freedom is the layers in contact that create the interface. We have 2
types of layers for LaAlO3 that can form an interface with 2 types of SrTiO3 layers, lead-
ing to 4 diﬀerent kinds of interfaces: (LaO)+/(TiO2)0, (SrO)0/(AlO2)−, (LaO)+/(SrO)0
and (TiO2)0/(AlO2)−. The 2 last interfaces are not energetically favorable and the 2 ﬁrst
are called respectively n-type and p-type interfaces.
 The surface termination of the 2 dimensional slabs is also important. In this work,
the stoichiometry is ﬁxed which involves that the surface termination is ﬁxed by the kind
of interface. For the n-type interface, the surfaces are SrO on one side and AlO2 on the
other side.
 The number of LaAlO3 and SrTiO3 layers is also a parameter since it can directly
aﬀect the properties of the 2 DEG.
 Finally, a choice of a pristine or defect system can be made. At ﬁrst the systems are
completely ideal (interface, surface, no vacancies) but additional systems with intermixing
and alloys are also used in this work.
Studied systems
The ﬁrst choice is between a slab or a superlattice. In this work both are modeled and
they are respectively written as vacuum/(STO)m/(LAO)n/vacuum and (STO)m/(LAO)n
where m and n represent the number of cells10 of LaAlO3 or SrTiO3. These systems,
represented in ﬁgure 2.3, are in fact very diﬀerent and will be presented in more details.
 superlattice: The simplest LAO/STO heterostructure that can be modeled is the one
we call “fully compensated”: (LAO)m/(STO)n. This structure contains 2 ideal n-type
(p-type) interfaces TiO2/LaO (SrO/AlO2) with in-plane lattice parameters ﬁxed to the
STO bulk value. Due to a symmetry center, each layer has its own mirror layer except
for the additional TiO2 and LaO layers for n-type. For this reason the system is non-
stoichiometric and the additional plane in LAO brings a +1 charge in the system that is
evenly shared by the 2 interfaces. These 0.5 extra electrons dope the 2 interfaces and this
is exactly the value needed to fully compensate the ﬁeld in LAO. In the polar catastrophe
scheme it corresponds to a system with a large number of LAO cells. 3 superlattices with
two n-type interfaces are modeled, diﬀering by the number of LAO and STO cells: 4.5,
6.5 and 8.5. A fourth supercell, with n = 6.5 and a p-type interface is also modeled. No
atomic mixing, oxygen vacancies or oxygen rotations are present in these structures.
10In superlattice, m and n are half-integer since an additional LaO and TiO2 layer is imposed.
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Figure 2.3: top: (SrTiO3)2.5/(LaAlO3)2.5 n-type superlattice with the supercell in dashed line.
middle top: (SrTiO3)4/(LaAlO3)3/vacuum slab with a n-type interface. middle
bottom: (LaAlO3)2/(SrTiO3)3.5/(LaAlO3)2/vacuum symmetric slab with two n-
type interfaces. bottom: the interface region of a LaAlO3-SrTiO3 system with
intermixing.
 slab: Isolated vacuum/(STO)7/(LAO)n/vacuum stacks with n ranging from 2 to 12
were also modeled. SrTiO3 contains 7 unit cells to have a good description of both
the electronic and the structural behavior within a reasonable time cost. A full atomic
relaxation is performed, imposing the in-plane lattice constant to the STO bulk value
(3.88 Å). The 5 atoms at SrTiO3 surface are ﬁxed to the cubic STO to simulate the eﬀect
of a thick substrate. In practice, CRYSTAL makes use of periodic boundary conditions
and allows isolated ﬁnite systems to be modeled using a large supercell of 500 Å in the
direction along which the system is not periodic.
In addition to check the validity of this 2D approach, we also considered symmetric
vacuum/(LAO)n/(STO)14/(LAO)n/vacuum stacks. In this case, the system is identical
to the “single” one except that the STO surface is removed. In both cases (single and
symmetric), the atomic structure and the c/a ratio are similar and single systems will
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usually be used due to time consideration11.
 intermixed system: In addition, to study the extrinsic eﬀects mentioned in chapter 1,
we model diﬀerent systems that include some intermixing. In these ones, the ideal inter-
face is replaced by an exchange between La and Sr atoms or Al and Ti atoms. The mixing
is restricted12 to the ﬁrst layers of the interface even if experimentally the extent is slightly
diﬀerent13 [60]. The stoichiometry is kept ﬁxed and 50% of the interfacial atoms are mixed
i.e. the cell is doubled in the a and b directions.Slabs and superlattices are modeled with
this particular intermixing leading respectively to vacuum/(STO)4/(LAO)n/vacuum sys-
tems and (LAO)m/(STO)n/(LAO)m.
 solid solution system: Finally, LaAlO3 can be replaced by a solid solution of LaAlO3
and SrTiO3 in slabs or superlattices. These cases are more complex and are explicitly
described in the chapter 5.
11Because of the STO surface, some energy states can appear at lower energies in the band structure,
called surface states. By fixing the 5 atoms at the STO surface, we artificially (almost) cancel this
problem that will not be further discussed in this work.
12As previously discussed, adding some defects always complicate the calculations due to the boundary
conditions.
13The mixing is in larger range for La/Sr compare to Al/Ti exchange.
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LaAlO3/SrTiO3 interface
In this chapter, we give a more complete description of the electronic reconstruction
model, one of the mechanisms which possibly leads to the creation of the 2DEG. We also
describe, starting from the bulk compounds, the results of our ﬁrst-principles calculations
with the B1-WC functional on the LaAlO3-SrTiO3 systems and the important features
related to the 2DEG. By this way, we will show that ﬁrst-principles calculations with the
B1-WC functional are well suited to describe the appearance of the 2DEG at the pristine
LaAlO3-SrTiO3 interface.
3.1 Bulk properties of LAO and STO
The original compounds used by Ohtomo and Hwang [1] are the two insulators LaAlO3
(LAO) and SrTiO3 (STO). Although many diﬀerent materials are now used to investigate
the appearance of a 2DEG at interfaces, such as SrTiO3 and LaTiO3 [81], LaGaO3 [82] or
LaVO3 [83], in this work we will focus on LAO and STO. The latter is an undistorted cubic
perovskite at room temperature with a lattice parameter of 3.905 Å and LaAlO3 adopts
a rhombohedral structure that can be approximated by a pseudo-cubic structure with a
lattice parameter of 3.791 Å. Both materials are band insulators with an experimental
band gap of 3.2 eV and 5.6 eV respectively. In the (001) direction, LaAlO3 is composed of
charged planes (LaO)+ and (AlO2)− and SrTiO3 of neutral planes (SrO)0 and (TiO2)0 as
represented in ﬁgure 3.1. In this section we will describe these two bulk materials using
the hybrid B1-WC functional.
A very important aspect of our employed approach is the accurate description of the
constituent bulk materials. In order to appreciate the relevance of B1-WC method for
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Figure 3.1: Bulk SrTiO3 and LaAlO3 in cubic phase. The planes are charged correspond-
ing to oxidation numbers as follow: (La3+O2−)+, (Al3+O2−2 )
−, (Sr2+O2−)0 and
(Ti4+O2−2 )
0.
the correct rendition of STO and LAO, in the following we compare the results not
only with the experiment, but also with values obtained with reference local and semi-
local functionals (LDA and GGA, respectively), typically used in most ab initio studies of
LaAlO3-SrTiO3. We will also add results with the VPSIC functional since a collaboration
with Dr Alessio Filippetti at the university of Cagliari was realized as further discussed
in chapter 6.
Relaxed atomic structure
The optimized structural parameters are reported in Table 3.1, in comparison with the
experiment [126, 127], for cubic STO and LAO. For both materials, our calculations
predict lattice parameters within an error bar of 1% (lower for B1-WC and LDA, higher
for VPSIC) compare to the experimental value. A LAO tetragonal distortion following
the lock of in-plane lattice constant to the theoretical STO value, 3.88 Å, is also reported
in the table, since relevant to the epitaxial STO/LAO heterostructure. Clearly, this
imposes a planar tensile strain on LAO and a resulting c axis contraction. The B1-WC
functional yields c0 = 3.75 Å (thus c/a = 0.97), corresponding to a Poisson ratio of 0.24,
in perfect agreement with the experimental value [128].
Oxygen octahedral rotations
At room temperature, in which usually the experiments are performed, the SrTiO3 is
in a cubic structure while LaAlO3 is rhombohedral (a−a−a− in Glazer notation). In
addition, it was shown in reference [131] that the octahedral tilts are present in LaAlO3
and penetrate, to a certain extent, into SrTiO3. However, our calculations are not taking
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Lattice parameters
STO LAO
Cubic Cubic Tetragonal
a a a c c/a
expt. 3.905a 3.811b 3.905 3.75 0.96
B1-WC 3.880 3.791 3.880 3.747 0.97
VPSIC 3.932 3.842 3.932 3.617 0.92
LDA 3.889 3.815 3.889 3.694 0.95
Table 3.1: Cell parameters with few functionals. a[129], b[130].
any oxygen rotation tilts into account neither in SrTiO3 or in LaAlO3. The main reason
is that it would have been more complex and time consuming to model these instabilities
that only appear in larger simulation cells. It nevertheless has to be noted that these
octahedral tilts are aﬀecting some properties of the systems such as the dielectric constant
or the tetragonality (c/a), which are important parameters of this study. Fortunately,
a work by Spaldin [132] studied these eﬀects in LaAlO3 (001) under biaxial strain. The
author have shown that the usual a−a−a− LAO structure (R3c) changes to a−a−a0 (
Imma) tilts under the biaxial strain imposed by STO, as conﬁrmed in reference [133].
These in-plane tilts are usually leading to a reduced c-parameter, which will not change
our conclusions in chapter 4, and, anyway, they eﬀect on the c/a ration is negligible.
Finally, our results on dielectric constant are in agreement with the experimental results.
Electronic band gap
Two key bulk quantities for the formation of the 2DEG are the band gap and the dielec-
tric constant. Concerning band gaps, reported in Table 3.2, both B1-WC and VPSIC
functionals give a substantial improvement over the same values of the respective refer-
ence functionals (GGA and LDA), shrinking the discrepancy with the experiment down
to just about 10%. Notice that for STO this discrepancy has a diﬀerent sign for B1-WC
and VPSIC, respectively, but this can be due to the respective starting point (i.e. the
LDA and GGA results) which are also quite diﬀerent. Both theories coherently predict
the LAO tetragonal distortion induced by the STO substrate to have a relatively minor
eﬀect (∼ 0.1 eV increase) on the LAO band gap. These much improved band gaps are
instrumental to relieve the well know systematic error aﬀecting ab initio predictions of
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band alignment at the interface.
Band gap
LDA VPSIC GGA B1-WC Expt.
SrTiO3
∆Ei 1.69 2.94 2.0d 3.57b 3.25a
∆Ed 2.04 3.30 3.91b 3.75a
LaAlO3
∆Ei 2.83 5.23 3.70d 5.19 5.6c
∆Ed 3.17 5.51 5.50 5.60c
LaAlOT3
∆Ei 4.84 5.23
∆Ed 5.21 5.62
Table 3.2: Direct (∆Ed) and indirect (∆Ei) band gap energies (in eV) for cubic STO, cubic
LAO, and tetragonal-distorted LAOT, calculated within LDA, VPSIC, GGA, and
B1-WC, compared to the experimental values.
a [134], b [114], c [135], d [52]
Dielectric constant
As for the dielectric constant of STO and LAO, the calculations reported in Table 3.3 are
in satisfying agreement with the experimental data [136] relative to the room-temperature
cubic phase (whereas the large STO value reﬂects the presence of the soft ferroelectric
mode). Notice that the LAO tetragonal distortion changes quite sensibly the screening
properties in the interface-orthogonal direction, reducing ǫ33 by about 20 % of its value.
We will see in the following that this aspect is relevant to the mechanism of interface
metal/insulator transition which follows the Zener breakdown.
We will show that the dielectric constant is a key parameter that aﬀects the appearance of
the 2DEG but also its conﬁnement. The advantage of the B1-WC is to properly describe
the structure but also the electronic properties. Another method widely used is LDA
+U or GGA +U, which arbitrarily add some correlation on some atoms (here the Ti)
to increase the band gap and go against the usual under estimation of the functional.
However this improvement can aﬀect some other properties, which are fundamental for
this study, such as the hardness of the polar phonon and by this fact the dielectric
constant.
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Dielectric constant
ǫ11 ǫ33 exp
STOC 265 265 300a
LAOC 28 28 21-24b
LAOT 37 22
Table 3.3: Dielectric constant predicted by B1-WC functional for cubic (STOC and LAOC)
and constrained LAO (LAOT). Experimental values are coming from references
a [137] and b [138].
3.2 The band offset
The question of the band alignment is crucial since the electronic behavior of the het-
erostructure highly depends on it especially when the system is doped. The band align-
ment is a well-established problem in semiconductors physics however in oxides new
diﬃculties may arise. A complete study of this question is not the aim of this work,
however additional information can be obtained in the study of Stengel et al. [139] as a
discussion on metal induced gap states [140] in LaAlO3-SrTiO3 systems.
The usual semiconductor heterostructure combines two materials with unequal band gaps.
The Fermi level of both materials has to match across the interface, resulting to the
relative alignment of the bands with two diﬀerent possibilities1, see ﬁgure 3.2. The
values of the band gaps are recovered if evaluated suﬃciently far away from the interface.
The heterostructure is then electronically described by the two bulk band gaps and the
misalignment of the valence bands (valence band oﬀset, VBO) and of the conduction
bands (conduction band oﬀset, CBO). The bands in each part of the heterostructure are
ﬂat and do not evolve with the thickness of the two materials. However, in a polar/non-
polar heterostructure the problem is not similar. Indeed, for a LAO thin ﬁlm on a STO
substrate, the bands evolve with the LaAlO3 thickness due to the built-in electric ﬁeld.
To obtain a case similar to the semiconductors i.e. the ﬂat bands, the electric ﬁeld has
to be canceled exactly as when 0.5 e−/S are transferred in the fully compensated system.
However, to model such a system, an inﬁnitely large LaAlO3 ﬁlm is needed.
Another possibility is to use the superlattice method described in chapter 2. In this
case, a new diﬃculty arises due to the boundary conditions that are imposed in the DFT
calculations. Indeed, the superlattice is an inﬁnite system that consist of a succession of
1There is in fact 3 possibilities, the last one being type III or the broken type.
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thick SrTiO3 and LaAlO3 ﬁlms represented by a simulation cell that contains two inter-
faces. To construct a stoichiometric superlattice, it is mandatory to have the two diﬀerent
types of interface, n and p. When considering a np superlattice within periodic DFT,
an electric ﬁeld appears in STO due to the closed circuit electrical boundary conditions
imposed by the periodic boundary conditions[141]. However for the case studied in this
thesis i.e. a LAO ﬁlm on a STO substrate under open circuit boundary conditions in
which no electric ﬁeld in STO is expected, this np superlattice geometry is therefore not
appropriate. Another attempt is to create two n-type interfaces, changing the system into
a non-stoichiometric one with an additional (LaO)+ and (TiO2)0 layers. The system is
then doped by the additional charge and to equilibrate, half an electron is transferred at
both interfaces. This value corresponds exactly to the charge density needed to cancel the
polar mismatch i.e. to reach the full compensation limit. The nn superlattice is similar
to conventional semiconductor heterostructures with ﬂat energy levels and by this fact
the relative alignment is independent of the LaAlO3 or SrTiO3 thicknesses. We expect
that this nn superlattice is a good trick to simulate an inﬁnitely large LAO ﬁlm. Unfor-
tunately, the use of the nn superlattice can only approximate the band oﬀset since the
system is doped and then conducting, which may aﬀect the alignment. A more rigorous
method is given in reference [139].
Figure 3.2: Left: Schematic picture of the band structure in STO, LAO and the heterostruc-
ture. Right: Structure and potential in np superlattice and n slab respectively in
a) and b). Figure adapted from reference [142].
Some previous works have already calculated the band oﬀset of LaAlO3-SrTiO3 systems
without any real agreement. Indeed, the predictions of references [53, 64, 142–144] are
in a large range: -0.9 to 1.1 eV for the valence band oﬀset (VBO). The ﬁrst reason may
be attributed to the well know diﬃculty of conventional functionals to properly describe
the band gap [145, 146] but the diﬀerent conditions in which the system is evaluated
is another possible reason. These conditions should be properly handled in order to
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reach a careful and unbiased determination of the band oﬀset. For this reason and to
obtain a complete description of the LAO/STO system within the framework of the
hybrid B1-WC functional, we recomputed these values. As discussed previously, we used
the superlattice approach with two n-type interfaces with diﬀerent thicknesses, already
described in section 2.4.2.
We proceed as follows: the VBO may be extracted from the disalignment of orbitally
projected density of states (DOS) (speciﬁcally the DOS with a 2p character on the most
bulk-like TiO2 and LaO layers) across the interface. This give ∼ -0.2 eV, with the top
of the valence bands of LAO lower than the top valence bands of STO i.e. type 1, in
fair agreement with the experimental value of -0.35 eV [75]. With the same approach we
evaluated the misalignment between the Ti 3d and the La 4d states giving a CBO of 1.5
eV. Notice also that in the most bulk-like layers, the band gaps of bulk STO and LAO
are correctly recovered.
As a conﬁrmation of these values, we also performed another calculation for the insulating
interface (i.e. before the Zener breakdown in a two-dimensional slab). In order to extract
the eﬀect of the ﬁeld, we extrapolated the zero-ﬁeld top valence band in the LAO side
assuming a constant electric ﬁeld in LAO of 0.24 V/Å (according to our results, see
later) corresponding to a change of ∼0.9 eV per cell. This method can only give a rough
approximation but is, however, in good agreement with the previous result of nearly
aligned valence bands.
Finally, in the electronic reconstruction model, see the next section, the Zener breakdown
occurs when the band gap is reduced to zero. For the n-type interface, this closing is
intrinsically linked to the bang gap of SrTiO3 and the VBO. We will show in the next
section that ESTOg + V BO (or ∆) is estimated by our calculations to be slightly bigger
than ESTOg , in good agreement with a small VBO of type 1.
The same method was applied to a superlattice with two p-type interfaces, SrTiO3(6.5)/-
LaAlO3(6.5). The VBO we calculated in this case is smaller than -0.1 eV and the CBO is
between 1.5 and 1.7 eV. These results are comparable to the case of the superlattice with
two n-type interfaces. In fact, the valence bands correspond to the similar O 2p states in
both compounds, justifying intuitively why they are almost aligned.
The VBO and CBO problem was already mentioned in reference [142] and, in this work,
we used 3 diﬀerent approaches, all in agreement with a small value (∼ 0.2 eV) of the VBO
of type 1. Finally, the band oﬀsets obtained with the hybrid functional are comparable
to LDA or GGA calculations that applied scissor or dipole corrections. For non perfect
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interfaces, as in the case of experimental samples, the band alignment can be aﬀected for
instance by the intermixing. Nevertheless, as explained in reference [93] (see chapter 5),
this has only a small eﬀect and the band alignment must be in a range between 0 and -0.2
eV. Thus the description given in ﬁgure 3.3 is representative of the electronic behavior in
the SrTiO3/LaAlO3 thin ﬁlm systems.
Figure 3.3: Band alignment in the SrTiO3(8.5)/LaAlO3(8.5) supercell. The values, in agree-
ment with band gaps obtained in table 3.2, are calculated using the central layer
in LAO and STO. ∆ = E(STO)g +VBO = 3.77 eV is the key parameter leading the
Zener breakdown.
3.3 Polar catastrophe and Zener breakdown
Typically in conventional semi-conducting heterostructures, the built-in polarity is com-
pensated by interface or surface atomic reconstructions. In oxide interfaces, however,
another mechanism is possible, since they typically include transition metal atoms (e.g.
Ti) which are much keener than conventional s,p elements to change their bulk valence
state (e.g. from Ti4+ to Ti3.5+). This allow for the redistribution of charges across the
interface and the restoration of the overall electrostatic equilibrium conditions. As a
byproduct of this "electronic reconstruction", a bi-dimensionally conﬁned electron gas
remains trapped in the Ti 3d orbitals.
In the following, we revisit the fundamental electrostatic behavior of the LaAlO3-SrTiO3
interface using the elegant formalism developed in reference [25], based on the conser-
vation of the normal component of the displacement ﬁeld D across the interface. In
addition, Bristowe et al. [24] observed that in the centrosymmetric systems, the symme-
tries impose the center of the Wannier functions to localize at the center of the atoms.
For this speciﬁc reason, there is no additional dipoles in the system. In the end, the
works of Bristowe and Stengel show that considering the formal point charges for the
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anions and cations (±e for LAO and 0 for STO) is enough and in agreement with the
new theory of polarization.
In the (001) direction, the LAO layers can be assimilated to a series of capacitors with
LaO+ and AlO−2 layers, corresponding to surface charges σLAO0 = 0.5 e
−/S, see ﬁgure 3.4a.
Due to±e polarity of each LAOmonolayer, LAO possesses a dipole moment of d = −ec/2,
where c is the thickness of a single LAO unit. On the other hand, STO planes are neutral
and there is no dipole moment. The formal polarizations of both materials are then given
by:
P STO0 = 0 (3.3.1)
P LAO0 = −
e
2S
(3.3.2)
In the case of a STO/LAO/vacuum system, as schematically represented below, the
orthogonal component of the displacement ﬁeld in each compound is:
DSTO = ǫ0ESTO0 + P
STO
0 ; D
LAO = ǫ0ELAO0 + P
LAO
0 ; D
vac = 0. (3.3.3)
STO LAO vacuum
According to basic electrostatics, in absence of free charges, the normal component of
the displacement ﬁeld at any interface has to be preserved2, meaning here that D = 0
in the whole system due to the vacuum. This simple relation, the equations in 3.3.3 and
the polarizations given in equations 3.3.2 impose that there is no ﬁeld in STO and that
a built-in electric ﬁeld appear in LAO: ELAO0 = P
LAO
0 /ǫ0. Not taking into account any
screening (χ = 0, ǫr = 1), the expected electric ﬁeld in LAO is 5.94 V/Å, which would
produce a drop of potential of about 24 V per unit cell.
Since LaAlO3 is an insulator, the material will polarize under the eﬀect of the electric
ﬁeld, leading to a depolarizing electric ﬁeld and the corresponding surface induced charges
σLAOind . The depolarizing ﬁeld E
LAO
ind screens P
LAO
0 with respect to the dielectric constant.
The resulting electric ﬁeld ELAO and surface charges σLAO are given by (see ﬁgure 3.4b):
ELAO = ELAO0 − ELAOind =
P LAO0
ǫ0ǫLAOr
= 0.24 V/A˚ (3.3.4)
σLAO = ELAOǫ0 = 0.02 e−/cell (3.3.5)
σLAOind = σ
LAO
0 − σLAO = 0.48 e−/cell (3.3.6)
2It is a direct consequence of the interface theorem [26].
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where we used the dielectric constant for bulk LAO, ǫr = 25.
We estimate, with the electronic reconstruction model, the built-in electric ﬁeld to be
equals to 0.24 V/Å. As consequence, the electrostatic potential in LAO evolves linearly
with the thickness, the slope corresponding to the value of the ﬁeld. Each additional LAO
unit cell (3.75 Å for strained LAO) corresponds roughly to an increase of 3.75×ELAO = 0.9
eV. A schematic representation of the bands is show in ﬁgure 3.5(left).
Figure 3.4: Capacitor model for the LAO/STO system (a) Electric field, E0 in LAO due to ±e
polarity of each monolayer. b) Induced charges (green) due to dielectric material
reducing the field to E = 0.24 V/Å (blue). c) Charges are transferred, σS (purple),
and the electric field E decreases.
The ﬁrst-principles calculations on two-dimensional systems3 are in agreement with the
previous model. Indeed, in ﬁgure 3.5(right) is represented the electrostatic potential for n
= 2, 3 and 4 (black, red and green respectively). As expected, in STO, the potential is ﬂat
i.e. no polarization arises. In LaAlO3, however, the potential drop, corresponding to the
electric ﬁeld through LAO, is roughly equal to 0.24 V/Å for the three thicknesses. This
estimation of the ﬁeld by ﬁrst-principles and the equation 3.3.7 give a relative permittivity
of 25, in good agreement with our previous ﬁrst-principles calculations on bulk but also
of the experimental values, both given in table 5.3.1.
We predicted, with the electronic reconstruction model, that each additional LaAlO3 unit
cell reduces the gap by ∼ 0.9 eV. In ﬁgure 3.6, we represent the electronic density of states
(DOS) for the 3 thicknesses. The band gaps are respectively of 2.30, 1.35 and 0.40 eV
for n equals 2, 3 and 4 unit cells, corresponding to a decrease of approximately 0.95 eV
per additional cell. It is the titanium 3d orbitals that move toward the O 2p orbitals of
LAO. For n = 4, the system is still insulating but with a small band gap of Eg = 0.4 eV.
In the electronic reconstruction model, the metal/insulator transition takes place via the
closing of the band gap i.e. through a Zener breakdown. This special limit is reached for
a speciﬁc thickness, call the critical thickness tc. At that particular point, the drop of
3vacuum/(SrTiO3)7/(LaAlO3)n/vacuum .
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Figure 3.5: Left: Schematic picture of the band structure with the bending of the
LAO bands. Right: Macroscopic average of the electrostatic potential in
vacuum/STO7/LAOn/vacuum system with n=2, 3 and 4. The slope corresponds
to a built-in electric field of 0.24 V/Å through LAO for each thicknesses.
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Figure 3.6: The total DOS obtained for insulating slab systems. Band gaps are 2.30, 1.35 and
0.40 eV respectively for n=2, 3 and 4.
potential ∆ is identical to the band gap of STO plus the additional valence band oﬀset
i.e. ∆ = ESTOg + V BO = 3.77 eV. For this reason, tc can be evaluated as the thickness
needed to reach a drop of potential ∆ if the slope is the electric ﬁeld E, giving:
tc =
∆
ELAO
=
ǫ0ǫ
LAO
r ∆
eP LAO0
, (3.3.7)
as represented in ﬁgure 3.7(left). With cLAO = 3.75 Å, ǫLAOr = 25 and equation 3.3.7 we
estimate the critical thickness tc to be ≈ 4.2 unit cells. The critical thickness depends
on the band gap of SrTiO3 (plus the valence band oﬀset), on the LaAlO3 dielectric
constant and on the LaAlO3 formal charge, all being intrinsic parameters. In addition,
equation 3.3.7 accounts for an ideal interface and surface. Since each additional LAO
unit cell corresponds to a drop of ∼0.9 eV, it is clear that our ﬁrst-principles calculations
also predict a critical thickness between 4 and 5 unit cells. We need to mention here
that this prediction is larger than the metal/insulator transition observed experimentally
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which is between 3 and 4 unit cells. However, this can be certainly attributed to the
overestimation of the band gap of SrTiO3 (3.6 eV instead of 3.2 experimentally), a value
that we also used in the electronic reconstruction model.
When the critical thickness is reached, each additional LAO cell contains valence electrons
that are at higher energy compare to the STO conduction bands. These electrons will
therefore be transferred from the LAO surface to the STO interface to minimize the energy
through a mechanism usually referred to as a Zener breakdown. Due to this mechanism,
the valence band edge in LAO remains pinned to the conduction band minimum in STO,
see ﬁgure 3.7, and the electric ﬁeld is given by
ELAO =
∆
tLAO
. (3.3.8)
As consequence, since ∆ is constant, the electric ﬁeld decreases for increasing thicknesses
as 1/t. The electron transfer gives rise to a new kind of charge in the system, the free
charge of the 2DEG, with density σS, see ﬁgure 3.4. From equations 3.3.7 and 3.3.8 we
can evaluate the quantity of free charge in SrTiO3 [51]:
σS = σLAO0 + ǫ0ǫ
LAO
r
∆
tLAO
= σ0
(
1− tc
tLAO
)
. (3.3.9)
In the electronic reconstruction model, the free charge density σS depends on the dielectric
constant, the band gap of STO and the LAO thickness.
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Figure 3.7: Left: Evolution of the electronic bands in LAO with in red the band at the critical
thickness, tc and in black the bands for t > tc. Right: Macroscopic average of the
electrostatic potential with additional blue lines corresponding to n>4.
The main predictions of the polar catastrophe model after the electronic reconstruction
are the thickness dependence of the density of charges and of the electric ﬁeld. We use our
ﬁrst-principles calculations on vacuum/(SrTiO3)7/(LaAlO3)n/vacuum systems, for n ≥ 5,
to test the agreement between the two approaches. For each thicknesses, the comparison
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is done for the electric ﬁeld and the density of charges within the two methods. In
ﬁgure 3.7(blue) is represented the electrostatic potential for n > 4 where, as expected,
the slopes of the blue lines decrease for larger n. In addition the potential drop is pinned
as represented by the dashed line.
As shown in the density of state in ﬁgure 3.8, the band gap disappeared for n ≥ 5. This
corresponds to the Ti 3d conducting states that cross the Fermi level and start to be
occupied. The Ti 3d electrons are free4 and rely in the Ti t2g bands since these are the
ﬁrst accessible orbitals with the lowest energy. In ﬁgure 3.8 is represented the charge
density in each Ti for a given thickness. As the LAO thickness increases, the density of
free charges increases with respect to equation 3.3.9, corresponding to additional states
below the Fermi level. A complete description of the orbitals occupancy and conﬁnement
is done in chapter 6.
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Figure 3.8: left: Evolution of the DOS of interface Ti atoms with the LAO thickness. Right:
The total quantity of charge in the Ti orbitals, Ti0 being at the interface.
In ﬁgure 3.8 is shown the Ti 3d orbitals reaching the Fermi level for n equals 5 and 6.
The charges density are equals to 3 × 1013 and 7 × 1013 e/cm2 respectively for 5 and
6 unit cells, in very good agreement with other calculations [51]. The charge densities
for each thicknesses are represented in ﬁgure 3.9 (dots) as the evolution predicted from
the polar catastrophe model in equation 3.3.9 (line). It is clear that the charge densities
obtained by ﬁrst-principles calculations ﬁt well with the polar catastrophe predictions.
The transfer of charge is progressive and only reach the 0.5 e−/S5, corresponding to a
fully compensated system, for inﬁnitely large thicknesses.
4Some electrons are possibly highly localized due to Anderson mechanism.
5or ∼ 3 × 1014 e/cm2.
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Figure 3.9: Evolution of (a) the electric field inside the LAO layer, (b) the surface charge
density at the LAO/STO interface
Discussion
In this section, we have described the physics of an ideal LaAlO3-SrTiO3 interface, with-
out hte existence of any kind of defect or extrinsic eﬀect. The ﬁrst-principles calculations
predict a Zener breakdown at increasing thicknesses in close agreement with a simple
electrostatic model. The main features can be summarized as follows:
 Before tc, the appearance of a constant built-in electric ﬁeld in LAO,
 At tc, the closing of the band gap and the metal/insulator transition through a Zener
breakdown.
 After tc, the appearance of free charges in Ti 3d orbitals, the 2DEG. Its density in-
creases with the thickness while the electric ﬁeld is reduced.
Finally, we have shown that ﬁrst-principles calculations, using the hybrid B1-WC func-
tional, reproduce these key elements. The main reason is that, in the pristine LaAlO3-
SrTiO3 system, the electronic reconstruction is the only possible way to cancel the polar
mismatch. No cations exchange or oxygen vacancies can form since the structure is ﬁxed
to a perfect LaAlO3-SrTiO3 system. A direct comparison with experimental results is
certainly more complex due to the presence of defects in samples that enable other pos-
sible mechanisms of reconstruction. As ﬁrst step, we focus here on the model and the
ﬁrst-principles results, leaving the relation with experiments for further discussions.
Some criticisms can be address to equation 3.3.7. First of all, the dielectric constant in
LAO depends on the electric ﬁeld as already studied by Chen et al. [142]. Moreover the
electric ﬁeld is not constant everywhere in LAO, especially close to the surface and the
interface, and is usually averaged. Additionally, the electrostatics can be aﬀected by the
67
Chapter 3: LaAlO3/SrTiO3 interface
chemical species (dipole at the interface, see later) or the defects, like the cationic inter-
diﬀusion at the interface. This, however, only aﬀects locally the interface, and cannot
aﬀects the built-in electric ﬁeld as showed in [12]. In addition the pinning of the bands
is not precisely exact as again discussed in the recent review of Bristowe [12]. However,
despite these approximations, the electronic reconstruction model and our ﬁrst-principles
calculations are in very good agreement.
The electronic reconstruction can be considered as a naive view of the LaAlO3-SrTiO3
mechanism. However, we need to mention that, the only systems that can be described
are the equilibrium ground state before and after the transfer. This means that the exact
mechanism that occurs between these 2 equilibrium states is not know and is not aﬀecting
the 2 ﬁnal states. Saying for instance that the electrons in the additional LAO cell are
transferred to the STO is only a picture helping to visualize the situation. Only the two
equilibrium states are physically representative no matter how or when the electrons are
transferred.
3.4 Atomic relaxation
Geometry
In the previous section, only the results in relation with the polar catastrophe model were
shown. In this one, a complete structural description of both fully relaxed (LaAlO3)m/-
(SrTiO3)n/(LaAlO3)m and vacuum/(SrTiO3)7/(LaAlO3)n/vacuum is done. The usual
way to present the structure is to describe the structural distortions compare to the
formal constituents.
The SrTiO3 part of the structure is close to bulk geometry with an average lattice pa-
rameter perpendicular to surface of 3.88 Å. However, at the interface (and surface if not
ﬁxed to bulk STO positions) STO is locally distorted due to the dipole created by the
interface. The LaAlO3 has a less bulk-like structure with an average lattice parameter of
3.84 Å. This is much larger than the 3.75 Å expected when the LAO is under an epitaxial
strain, see table 3.1. Compared to the in-plane constrained LAO, the atoms are globally
shifted leading to the expansion of the cell, see ﬁgure 3.10. This eﬀect is expected due
the presence of the electric ﬁeld in LaAlO3, knows as the electrostriction and further dis-
cussed in chapter 4. This ﬁeld implies a force on the ions but with diﬀerent amplitudes,
leading to an orthogonal displacement and a relative motion of the anions and cations,
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see ﬁgure 3.10. As consequence, perpendicularly to the interface, the La and O (Al and
O) atoms are not longer belonging to the same plane. We have to deﬁne an average
plane that is at equal distance from these two atoms. The rumpling is then deﬁne by
the distance of these atoms relatives to the average plane, or equally, by the cation-anion
distance divided by 2. This average plane is always shifted, due to electrostrictive eﬀect,
in a way that the cell expands. The two planes, LaO and AlO2, have a diﬀerent shift,
and the two diﬀerent planes do not occupy half of the volume each anymore i.e. one is
larger that the other, see ﬁgure 3.10. The atomic displacement of La and Al atoms are
larger than for oxygen atoms and in opposite direction leading to a displacement of the
average plane and the expansion of the lattice parameter. The average lattice parameter
(3.84 Å) is then an average of large (≈ 2.1 Å) and small (≈ 1.74 Å) interplane distances.
The whole picture is represented in ﬁgure 3.10.
Figure 3.10: Left: The layers, LaO and AlO2, for the bulk LaAlO3 with in plane tensile strain.
The perpendicular lattice parameter relaxes to 3.75 Å with equidistant LaO and
AlO2 planes. Right: The electric field leads to the expansion of the perpendicular
lattice with different inter-plane distances.
Rumpling
We just shown that there is a direct link between the electric ﬁeld and the structural
distortions in LAO. The later can thus be a useful signature to study the electric ﬁeld. For
instance, in ﬁgure 3.11 we show that the buckling and the rumpling eﬀects decrease with
increasing thicknesses. This is in perfect agreement with equation 3.3.8 that predicts a
smaller ﬁeld for larger thicknesses. Additionally, the atomic displacements, larger for LaO
compared to AlO2, are relatively constant in all the system, showing that the macroscopic
average of the electric ﬁeld is a good approximation (except for surface and interface
layers). If we express the rumpling φ in Å and the ﬁeld E in V/Å, we have the two
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following relations: E/φLaO ≈ 2.2 and E/φAlO2 ≈ 3.4. The evolution of the electric ﬁeld
and rumpling with the thickness is represented in ﬁgure 3.11.
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Figure 3.11: The rumpling in Å (blue) and the electric field in V/Å (red) versus the thickness
in unit cell.
Interdiffusion
Previously, we argued that the atomic inter-diﬀusion is only modifying the electrostatic
at the vicinity of the interface. In addition it cannot aﬀect the electric ﬁeld [12]. To
check these aﬃrmations, we calculated the electrostatic potential in non pristine systems
(described in section 2.4.2), still with the B1-WC functional. Two types of inter-diﬀusion
are considered, A cations exchange only (La ↔ Sr) or A and B cations exchange (La ↔
Sr and Al ↔ Ti). This exchange is only in a 1 unit cell range away from the interface.
The potentials are represented in ﬁgure 3.12 for a 4 LAO unit cell thick systems.
Such an inter-diﬀusion can only aﬀect the electrostatic at the interface leaving unchanged
the ﬁeld in LAO. This is a direct consequence of the Gauss’s law. Indeed, the results
shows that the electrostatic potential is the same for the 3 cases in the LAO region, close
to the surface (right). In addition the potential in the STO region stays ﬂat as expected.
The electric ﬁeld is then identical in the 3 cases except close to the interface. Closer to
the interface, the dipole is aﬀected by the cation mixing, possibly leading to a rigid shift
of the potential. Indeed, in case of the A-type inter-diﬀusion, the potential is shifted in
the STO part (the 3 curves are manually shifted to align in the LAO surface region).
This shift can reduce or increase the band gap of the system, potentially changing the
critical thickness tc → tc ± 1. However, this inter-diﬀusion is not expected to dope the
system since it corresponds to an exchange of donor and acceptor across the interface.
The cations exchange can aﬀect the intrinsic parameters of equation 3.3.7. However, we
have shown in reference [93] (presented in chapter 5), that the dielectric constant of the
LAO-STO alloy is very close to the one of LaAlO3. In addition, since the valence band
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oﬀset is mainly due to O 2p orbitals of both materials, VBO is not expected to change
in presence of inter-diﬀusion at ﬁxed stoichiometry.
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Figure 3.12: The electrostatic potential for 3 different cases: pristine interface (blue dashed
line), inter-diffusion of A atoms (red line) and inter-diffusion of A and B atoms
(black line).
3.5 The p-type interface
In this section, we brieﬂy mention the p-type interface, usually less studied because,
experimentally, no metal/insulator transition was observed. The concepts are the same
that for the n-type interface. However, in this case the dipole at the interface is reversed
as the slope of the electrostatic potential in LAO. The bands are then bend in opposite
direction compare to n-type, see ﬁgure 3.13. The Zener breakdown occurs when the
bottom of the conduction bands of LaAlO3 reaches the top of the valence band in SrTiO3,
creating free holes in the O 2p orbitals. The equation 3.3.7 is still valid at the condition
that, it is the band gap of LaAlO3 that need to be used to estimate ∆. Since ELAOg >
ESTOg , the critical thickness is larger compare to the n-type case and estimated to tc ≈ 6.2.
As for the n-type interface, the electric ﬁeld is constant until tc is reached, and then E
decreases with the LAO thickness, as represented in ﬁgure 3.13. Without going into too
much detail, one can observed in ﬁgure 3.14 the spreading on the charge carriers into the
whole heterostructure, far from the behavior of electrons in n-type interface that rely in
Ti 3d states. Additional information are given in chapter 6.
The purpose of this section is not to redo all the analysis as for the n-type interface,
but rather to show that ﬁrst-principles calculations predict the p-type interface to have
a metal/insulator transition. For a while, this wrong prediction was a strong argu-
ment against the electronic transfer mechanism, but also against the real ability of ﬁrst-
principles calculations to properly describe the LaAlO3-SrTiO3 system. However, it only
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Figure 3.13: Left: schematic representation of the bands in a p-type interface system. Right:
Electrostatic potential obtained by first-principles calculations for several thick-
nesses.
means that, in a real p-type sample, another mechanism is at the origin of the cancella-
tion of the polar mismatch, while in the present calculation, the electronic transfer is the
only possibility.
We already discussed this problem in chapter 1. Even if some systems reconstruct via
cationic exchange or defects formation, we want to discuss the possibility of an electronic
reconstruction in the systems where the polar mismatch exists. Chapters 4 and 5 are in
fact dedicated to this study.
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Figure 3.14: Charge density in O 2p states. In p-type interface, the carriers are not confined
and spread in the whole heterostructure.
3.6 Conclusion
A complete description, starting with the bulk compounds, of the pristine LaAlO3-SrTiO3
system was complete with an advanced functional: B1-WC. We shown that problematic
but key parameters, such as the dielectric constants, the band gaps or the band oﬀsets for
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instance, are well reproduced with this approach. We tackled the LaAlO3-SrTiO3 system
by diﬀerent manners: the 2D stacking and the superlattice, each time with diﬀerent thick-
nesses. We have shown that simple electrostatic and Zener breakdown model ﬁt perfectly
well with the ﬁrst-principles calculations on a pristine LaAlO3-SrTiO3 heterostructure.
The main reason is that, in that case, the electronic reconstruction is the only way to
cancel the polar mismatch leading to the polar catastrophe. The critical thickness, the
carrier densities or the built-in electric ﬁeld are only few examples of the good agreement
with the two diﬀerent approaches.
Experimental samples are, however, far from being perfect. The oxygen vacancies, atomic
mixing or adsorbates are only examples of the additional defects that can alter the prop-
erties of the system. In real samples, these defects are diﬃcult to avoid and for that
reason, a part of the community at least believes that these defects are the only cause
of the 2DEG appearance. For this reason, the results on pristine LaAlO3-SrTiO3 sys-
tems, presented in this chapter, are only one piece of the puzzle. Nevertheless, we shown
that the B1-WC functional approach is satisfactory and can be used for more advanced
calculations.
In the pristine LaAlO3-SrTiO3 interface, the electronic reconstruction is the only way
to cancel the polar mismatch leading to the appearance of a built-in electric ﬁeld. The
presence of an electrostriction eﬀect in our approach is then not suﬃcient to establish
any link with the experimental samples, which can possibly reconstruct through diﬀerent
mechanisms that are not involving the presence of an electric ﬁeld. The relation between
experimental and ﬁrst-principles results concerning the electrostriction is done in chap-
ter 4. In chapter 5 we add some defects to the system through the modelization of a
solid solution. Both works have shown that the Zener breakdown mechanism remains a
plausible explanation of the experimental results on the LaAlO3-SrTiO3 system, despite
the presence of defects in the samples.
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Electrostriction at the
LaAlO3/SrTiO3 interface
A basic ingredient of the LaAlO3-SrTiO3 interface is the polarization mismatch between
LaAlO3 and SrTiO3, that should give rise to an electric ﬁeld in LAO, responsible for
the Zener breakdown at a given LAO thickness. The presence of this electric ﬁeld is
howhever controversial and highly debated in the literature. In order to probe the ex-
istence of an electric ﬁeld in LaAlO3 and give credit to the polar catastrophe scenario,
in this chapter we present a direct comparison between experimental data and ab initio
calculations for the electrostrictive eﬀect in the polar LaAlO3 layer grown on SrTiO3
substrates. From the structural data, a complete screening of the LaAlO3 dipole ﬁeld is
observed for ﬁlm thicknesses between 6 and 20 uc. For thinner ﬁlms, an expansion of the
c axis of 2% matching the theoretical predictions for an electrostrictive eﬀect is observed
experimentally, so supporting the existence of an electric ﬁeld in LaAlO3. The results of
this chapter were published in reference [90] where the experimental results are realized
by the coauthors of the paper.
4.1 Introduction
The LaAlO3-SrTiO3 heterostructure is a complex system in which the mechanism at
the origin of the 2DEG is still very controversial. Among others, the SrTiO3 could be
conducting due to the creation of oxygen vacancies during the LAO ﬁlm deposition.
However, we have shown in chapter 3 that in a pristine system, a polar mismatch arise,
leading to the appearance of a built-in electric ﬁeld in LaAlO3. Unfortunately, it is not
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simple to measure the built-in electric ﬁeld in such a system1 and its real existence in
LaAlO3 is largely debated [61, 75–79]. In chapter 2, we have shown the restrictions of
DFT and the diﬃculty to model defects, especially in a system as complex as LaAlO3-
SrTiO3 interface. Ab initio calculations are simply not capable to model a system with
such disorders or randomness. For these reasons, we based our approach on simpler
and more basic elements of the theory: the electric ﬁeld arising from the polarization
mismatch between LAO and STO and its consequences on the LAO atomic structure.
In this work, we study a pristine LaAlO3-SrTiO3 system where the polar mismatch take
place and we analyze the intrinsic consequences of the built-in electric ﬁeld: a lattice
expansion through the electrostrictive eﬀect. We study the evolution of this eﬀect before
and after the Zener breakdown, giving that the ﬁeld is decreasing with the ﬁlm thickness.
Finally, our ﬁrst-principles calculations, combined with the experimental measurements,
allow us to check the validity of our hypothesis: the existence of an electric ﬁeld in
LaAlO3-SrTiO3 samples. Although it does certainly not rule out the presence of addi-
tional extrinsic eﬀects, our work support the polarization mismatch at the interface and
its consequences as a plausible intrinsic origin of the 2DEG.
4.2 Theory
In chapter 3, we have shown that, in the LaAlO3-SrTiO3 polar-nonpolar system, a di-
verging potential with the LAO thickness takes place. According to the polar catastrophe
scenario, the corresponding electric ﬁeld through LAO (≈ 0.24 V/Å) is constant before
the electronic reconstruction (t < tc) and then decreases according to equation 3.3.8:
t < tc : ELAO =
P LAO0
ǫ0ǫLAOr
, t > tc : ELAO =
∆
nc
, (4.2.1)
The quantity of charges that is transferred after the critical thickness tc is given by
equation 3.3.9
t < tc : σS = 0 , t > tc : σS = σ0 − ǫ0ǫLAOr
∆
nc
. (4.2.2)
It increases as 1/t, reaching the expected value of 0.5 e−/S only for an inﬁnitely large
ﬁlm thickness.
1Among other things, the metallic electrodes used for the experiments can affect the electric field [147].
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The built-in electric ﬁeld should aﬀect the average lattice parameter of LaAlO3 via the
electrostrictive eﬀect2 c = c0 + α′E2, rewritten with respect to the strain as:
η = αE2. (4.2.3)
Using equation 4.2.1 and neglecting in ﬁrst approximation the evolution of c (c ≈ cm),
we can approximate the strain as:
t < tc : η = α
(
P LAO0
ǫ0ǫLAOr
)2
, t > tc : η =
α∆2
n2c20
. (4.2.4)
This predicts an expansion of the c-parameter of LAO in the LaAlO3-SrTiO3 system
through electrostrictive eﬀect that depends on intrinsic parameters: the LAO ﬁlm thick-
ness, the energy band gap of STO, the valence band oﬀset and ﬁnally the dielectric
constant of LaAlO3.
4.3 Technical details
4.3.1 First-principles
To characterize the LAO/STO interface, we considered isolated vacuum/(STO)7/(LAO)n-
/vacuum stacks with perfect surfaces and interfaces, made of n LAO layers (n ranging
from 2 to 11) on top of 7 uc of STO. We remember the reader that a full atomic re-
laxations was performed, imposing the in-plane lattice constant of STO and ﬁxing the
atomic position of the ﬁrst STO layer to simulate the eﬀect of a thick substrate. Thanks
to a 500 Å supercell, the slab can be considered as isolated. To check the validity of
this approach, we also considered symmetric vacuum/(LAO)n/(STO)14/(LAO)n/vacuum
stacks and got similar results. Additional details are given in chapter 2.
The determination of the out of plane lattice parameter in LaAlO3 is a key element, both
theoretically and experimentally. However there is no unique way to deﬁne the c-axis
parameter of LAO in the case of a relaxed LAO-STO interface due to the appearance
of atomic rumpling and inhomogeneous strains within the LAO layer. It is therefore
important to deﬁne properly how we extracted this parameter and also to clarify to which
extent the parameter extracted from the ﬁrst-principles calculations can be compared to
2Since LaAlO3 is centro-symmetric there is no piezoelectric response allowed by symmetry.
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what is measured experimentally. We considered two methods. First, the theoretical
c-axis length was estimated from the average La-La distance within the ﬁlm. Second, we
generated the x-ray spectrum corresponding to the relaxed atomic structure obtained at
the ﬁrst-principles level and, then, extracted the c-axis length from this spectrum as it
was done for the experimental spectra. Both methods provide similar results, clarifying
that the c-axis parameter extracted from x-ray measurements can be directly compared
to the average La-La distance. For the simulations with intermixing, only the second
approach was used, for proper comparison with experimental data.
The charge densities σs were obtained by integrating the density of states of the titanium.
In the case of fully compensated system i.e. with 0.5 electron transferred, this method
lead to a charge of 0.45 corresponding to a precision within 10 percent.
In this work, the assumption of an ideal AlO2-terminated LAO surface severely restricts
the possible microscopic mechanisms that are available to the system for transferring
charge from the surface to the interface. In particular, only Zener tunneling is possible,
where holes are created at the surface and conduction electrons appear at the interface.
4.3.2 Experience
The LaAlO3 ﬁlms were grown on (001) TiO2-terminated SrTiO3 substrates by pulsed
laser deposition at 870◦C in an oxygen pressure of 10−4mbar. The laser ﬂuence was 0.6
J/cm2 and the laser repetition rate 1 Hz. After the deposition, the ﬁlms were kept at
about 530◦C in 0.2 bar of oxygen for 1 hour before cooling down to room temperature
over one hour [148]. The growth mode and ﬁlm thickness were monitored in-situ using
reﬂection high-energy electron-diﬀraction (RHEED). A layer-by-layer growth mode for
the LAO ﬁlm was observed below a layer thickness of ∼ 20 u.c. Above this thickness, a
progressive transition to a three dimensional growth mode was detected with a decrease
of the reﬂected intensity due to surface roughening. The change from a streaky to a
spotty RHEED pattern is clearly observed above 40 uc. As shown in ﬁgure 4.1a, atomic
force microscopy (AFM) reveals atomically ﬂat terraces separated in height by step of
one unit cell up to a LAO thickness of ∼ 20 uc. For thicker samples, AFM reveals cracks
on the surface, displayed in ﬁgure 4.1b.
As the LAO/STO interface is known to be sensitive to photodoping [32, 39, 40, 64], the
variation of the two points-contact resistance for samples with thicknesses above and
below the critical value has been monitored during the x-ray measurements. No eﬀect of
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Figure 4.1: Atomic force microscope 5×5 µm2 topographies of a 4 uc (a) and a 28 uc (b) thick
LAO film with RHEED patterns shown as inset.
the x-ray radiation (8-15 keV) was observed on the resistance of the samples. The major
contribution to the change in the resistance was given by the ambient light in the room
and only for samples below the critical thickness. All the measurements discussed in this
work were performed in the dark and after waiting a suﬃciently long time to make the
samples below the critical thickness completely insulating.
4.4 Experimental results
Figure 4.2: (a) l scan along 00 crystal truncation rod of an 8-uc-thick LAO film. (b) Finite
size fringes around the l = 1 reflection and (c) l = 6 LAO reflection. Reciprocal
lattice units (r.l.u.) are defined by the STO reflections.
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The lattice constant of LaAlO3 ﬁlms were measured using x-ray diﬀraction performed
in house and at the surface diﬀraction beam line of the Swiss Light Source. Figure 4.2a
shows an l scan along the (00) crystal truncation rod for an 8 unit cell (uc) sample. Finite
size eﬀects (see ﬁgure 4.2b) allow the precise determination of the thickness of the LAO
layer, while 00l reﬂections up to the seventh order provide accurate values for the c axis
(error bars < 0.01 Å). In-plane lattice parameters were obtained from reciprocal-space
maps of the (1¯ 0 3) reﬂection. In ﬁgure 4.3, the measured a- and c-axis values are plotted
as a function of the number of LAO unit cells. For thicknesses up to 20 uc, the in-plane
a axis equals that of SrTiO3, indicative that the LAO layer is perfectly strained with the
STO substrate. In the same range, however, the c axis displays a complex behavior. From
2.5 to 6 uc, the c parameter decreases from 3.82 to 3.745 Å and then remains constant
up to a thickness of ∼ 20 uc. The constant value observed from 6 to ∼20 uc agrees with
the value c0 expected from a purely elastic deformation imposed by the STO substrate
and a Poisson ratio for LAO of 0.24 [149]. Above 20 uc the epitaxial strain is released
with both in-plane and out-of-plane lattice parameters relaxing to bulk values. Analyses
of the x-ray rocking curves conﬁrm the observed relaxation. Up to 20 uc, the shape of
the rocking curve is determined by the substrate. For thicker ﬁlms a diﬀuse component
is observed, a signature of dislocations [150, 151].
Figure 4.3: LAO a- and c-axis parameters plotted as a function of the film thickness. The solid
lines are a guide to the eye. The dashed horizontal line indicates the pseudocubic
LAO bulk lattice constant. The inset shows in detail the expansion of the c axis
for low LAO thicknesses.
The large c-axis expansion observed at very low LAO thicknesses (+ 2.1% with respect
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to c0) is consistent with previous ultrahigh-resolution transmission microscopy [131] and
surface x-ray diﬀraction data [60, 61]. These techniques access the atomic spacings across
the structure and reveal that the interlayer distance in the interfacial region is anoma-
lously high, then settles to the expected pseudomorphically strained value further up in
the LAO ﬁlm. These observations were related to the presence of trivalent Ti ions at the
interface over typically 2-3 uc. An expanded out-of-plane lattice parameter could however
also be due, as discussed below, to an electrostrictive eﬀect expected in the presence of
a large electric ﬁeld. In order to quantify the magnitude of a possible electrostrictive ef-
fect, density-functional theory calculations (within the local-density approximation) were
performed on bulk LAO at constrained displacement ﬁeld D [152, 153]. The use of D
as the independent electrical parameter is particularly convenient for our study, since
it corresponds exactly to the compensating planar charge density, σS, that accumulates
at the LAO/STO interface and, with opposite sign, at the LAO surface. The in-plane
lattice parameter was ﬁxed to the calculated equilibrium value for cubic SrTiO3 to mimic
epitaxial strain. As shown in ﬁgure 4.4a, LAO contains oppositely charged atomic lay-
ers, (LaO)+ and (AlO2)−. This yields a “built-in” polarization P LAO0 = −e/2a2 [25],
where a is the in-plane lattice value and e the electronic charge; conversely, in STO the
built-in polarization vanishes, P STO0 = 0. To fully compensate for this polarization dis-
continuity, one needs to supply an external interface charge σS = −e/2a2. In this limit,
DLAO = P LAO0 = −e/2a2. This means that the internal ﬁeld within LAO vanishes and the
out-of-plane LAO cell parameter c0 is determined by the elastic deformation due to the
epitaxial strain. In the opposite limit (absence of compensating charges, i.e., DLAO = 0),
the mismatch between DLAO and P LAO0 produces a large internal ﬁeld in LAO, E = 0.24
V/Å, consistent with an average LAO dielectric constant ǫr = 25. This ﬁeld, in turn,
produces a sizable c-axis expansion of 1.7% with respect to the fully screened case value
c0 (see ﬁgure 4.4c), compatible with measurements on ﬁlms of 2-3 uc (2.1%). As LAO
is not a piezoelectric material, the vertical expansion must arise entirely from the elec-
trostrictive eﬀect. Indeed, the evolution of the c-axis strain, η = (c − c0)/c0, with the
ﬁeld is almost perfectly quadratic. The real LAO/STO system is however more complex
than in this simple bulk model, and involves surface and interface eﬀects. Also, there is
no guarantee that the electrostatic response (electrostriction and dielectric constant) is
identical in bulk and in ultrathin ﬁlms. We thus performed additional density-functional
theory calculations which are presented in the next section.
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Figure 4.4: (a-b) Schematic view of the atomic layer sequence in LAO, showing the most
relevant electrical quantities in the system: “built-in” polarization P0 (small
downward-pointing arrows), electric displacement field D (DLAO is equal to the
interface charge σS), and internal electric field in LAO, E (large upward-pointing
arrow). The uncompensated (a) and fully compensated (b) limits are shown. (c)
Calculated electrostrictive response of LAO bulk as a function of the electric dis-
placement field D.
4.5 First-principles results
As previously discussed the electric ﬁeld in LAO appears by construction of the polar-
nonpolar LAO-STO system. First-principles calculations are then here to show that the
evolution of the electric ﬁeld, as predicted by the electronic reconstruction, can change
the c parameter through electrostrictive eﬀects in a way compatible with experimental
results.
The evolution of the strain, the charge density of the 2DEG and the electric ﬁeld obtained
by ﬁrst-principles calculations are represented in ﬁgure 3.9 together with experimental
results. We choose to represent the strain η = c−c0
c0
= α′E2 in place of the average lattice
parameter to overcome small discrepancies between experimental and theoretical values.
The model and ﬁrst-principles results are in good agreement and a ﬁt of the electric
ﬁeld with thickness, using equations. 3.3.8, gives ∆ = 3.9 eV, only slightly bigger than
the value obtained in the band alignment, 3.77 eV. This overestimation can certainly
be attributed to the macroscopic average of the ﬁeld that we considered constant in all
the LAO which seems to be a very good approximation. The electrostrictive eﬀects are
related to the constant α′ = 0.4 Å2/V2. These electrostrictive eﬀects vanish as the ﬁeld
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is decreasing, giving a system similar to the supercell case for large thicknesses.
The valence-band oﬀset between STO and LAO is equal to -0.2 eV, yielding an energy
diﬀerence between the valence band of LAO and conduction band of STO of ∆ = 3.77
eV. This value is slightly larger than that calculated from the experimental band gaps
(3.35 eV [50]) as a result of our slight overestimation of the STO band gap. The eﬀect
of the electric ﬁeld is to lift the band energy of each atomic layer inside the LAO, thus
reducing the energy band gap ∆.
For thicknesses n ≤ 4, the system is insulating, and as obtained from macroscopic av-
erage techniques, the LAO layer experiences a roughly constant electric ﬁeld of 0.24
V/Å (ﬁgure 4.5a), which translates into an eﬀective dielectric constant for LAO ǫr = 25,
remarkably identical to that calculated for the bulk. This shows that bulk dielectric prop-
erties can be rapidly recovered in thin LAO ﬁlms. In order to compare the theoretical
predictions to experimental data, we generated the x-ray diﬀraction pattern associated
to the relaxed theoretical atomic structure and then deduced the average lattice constant
from the peak positions, exactly as it is done experimentally. For these thicknesses, the
average c parameter of LAO expands to cm, a value 2.2% larger than the calculated c0
(3.75 Å) corresponding to a pure elastic relaxation. This expansion of the c axis is sim-
ilar to that experimentally measured (2.1%) and close to that calculated for bulk LAO
(1.7%).
At n > 4, the drop of potential across the LAO layer becomes equal to ∆E, yielding
a Zener breakdown. For n > 4, the system becomes conducting due to a progressive
transfer of electrons from the surface to the interface, ensuring the pinning of the top of
the LAO valence band at the surface, at the level of the bottom of the STO conduction
band at the interface3. Coherently with that, the electric ﬁeld within the LAO layer
smoothly decreases as a function of LAO thickness, according to ELAO = ∆E/nc as
shown in ﬁgure 4.5a. Concomitantly, the two-dimensional carrier density increases, and
using basic electrostatics, its evolution can be deduced from that of the ﬁeld through
equation 4.2.2 (ﬁgure 4.5b). In the limit of inﬁnite LAO thickness, the internal ﬁeld goes
to zero for a total charge transfer of half an electron per unit cell (3.3 × 1014e/cm2). The
average c axis parameter, illustrated in ﬁgure 4.5c, decreases progressively as the LAO
layer thickness increases. As previously discussed, the amplitude of the c parameter of
LAO is linked to the internal electric ﬁeld within the layer through the electrostrictive
3As already discussed in chapter 3 the overestimation of the critical thickness is due to the overesti-
mation of the STO band gap.
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eﬀect. Our calculations are consistent with this eﬀect: the strain with respect to c0 evolves
with the thickness according to the reduction of the electric ﬁeld, following equation 4.2.3
with α = 0.4 Å2 V−2, comparable to the bulk calculation. The evolution of the strain with
respect to the LAO ﬁlm thickness is plotted in ﬁgure 4.5c. These calculations thus conﬁrm
the large electrostrictive eﬀects predicted in the bulk for the unscreened conﬁguration.
They also predict a progressive screening of the electric ﬁeld and a gradual reduction of
the c axis LAO lattice parameter as the layer thickness is increased above the critical
value, qualitatively similar to what is experimentally observed.
Figure 4.5: Evolution of (a) the electric field inside the LAO layer, (b) the surface charge at
the LAO/STO interface, and (c) the LAO strain with the LAO layer thickness,
according to ab initio calculations (red circles) and experiments (black squares).
In (a), (b), and (c) the curves joining the points are explained in the text. Two
x scales are reported (top red for theory and bottom black for the experiment) to
normalize at the same critical thickness (4 uc and 5 uc for experiment and theory,
respectively). The green points (circled dots) show the calculated intermixed case.
4.6 Discussion
One observes that the large c-axis expansion measured in ultrathin LAO ﬁlms (2.1%) is
in good agreement with the one predicted by the electrostrictive eﬀect (2.2%) assuming a
sharp LAO/STO interface. However, as similar values of the c axis have been previously
related to the presence of ionic intermixing, we calculated ab initio the eﬀect of La-Sr and
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Al-Ti exchange at the interface. To that end, we doubled the supercell size in-plane and,
within the ﬁrst STO and LAO unit cells on both sides of the interface, we interchanged
one Sr with one La atom and one Ti with one Al atom, producing a 2-uc-thick 50-50 inter-
mixed region at the interface. This kind of intermixing does not bring any compensating
charge to the interface. From our calculations, the breakdown LAO thickness remains
unaﬀected and the system is insulating for n ≤ 4. As shown in ﬁgure 4.5c, the c-axis
values of LAO before breakdown stay remarkably similar to those obtained for the sharp
interface. However, decoupling the electrostrictive eﬀect and intermixing is very delicate,
since the expanded c-axis parameter due to the electrostrictive eﬀect is very similar to
the one expected for an intermixed region, according to the Vegard’s law. In qualitative
agreement with our simulations, recent measurements at LaAlO3-SrTiO3 interfaces by
Pauli et al. [61] show the coexistence of intermixing and buckling, the latter signature of
a large electric ﬁeld. Both intermixing and electrostriction may thus contribute to the
expanded c axis. The abrupt transition of the c-axis parameter observed experimentally
from 3 to 6 unit cells is faster than the progressive decay predicted from our calculations
(η ≈ 1/n2, see ﬁgure 4.5c]. From 6 to ∼20 u.c., the c-axis value remains constant and
equal to cm, pointing to the absence of an internal electric ﬁeld and hence to a complete
screening after the breakdown (σS = e/2a2). To clarify these points, we estimated the
number of mobile carriers from the Hall measurements. Figure 4.5b shows (black square
symbols) the two-dimensional carrier density estimated at 100 K for one-band conduc-
tion as a function of the LAO thickness4. Despite some scattering in the values in the
metallic regime, we observe that the number of carriers is almost constant up to 11 u.c.,
in agreement with previous reports [32]. Its value (5 × 1013 cm−2) is about an order of
magnitude lower than that calculated for a complete screening (3 × 1014 cm−2). This
discrepancy could be due to diﬀerent reasons, such as the inadequacy of the one band
model for this system [154] or a large number of trapped states at the surface [53]. In
any case, the structural data indicate that the electric ﬁeld is screened at the interface
for LAO thicknesses above 5 to 6 unit cells in agreement with recent results of Pauli et
al. [61]. The diﬀerence between the progressive charge transfer predicted theoretically
and the abrupt one observed experimentally from the structural and transport data sug-
gests that the screening mechanism at the LAO top surface may proceed in a diﬀerent
4Below 100 K, a reduction of the apparent carrier concentration is observed in Hall measurements and
has been ascribed to carrier freeze-out or multiband conduction. We, however, notice that in both cases
the charges are still present and, even if they do not contribute to the conduction, they do contribute to
screening.
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manner. Compensation by bound charges arising from various origins (oxygen vacancies,
hydrogen adsorbates, or mixed termination) would alter the theoretical picture, removing
the pinning of the Fermi level at the bottom of the LAO valence band. This means that
full compensation at 4 uc is in principle possible.
4.7 Conclusion
We have presented a direct comparison between experimental data and ab initio calcula-
tions for the electrostrictive eﬀect in the polar LAO layer grown on STO substrates. Our
study shows that in polar materials the electrostrictive eﬀect leads to a sizable lattice
expansion which can be probed by x-ray diﬀraction. From the structural data, a complete
screening of the LAO dipole ﬁeld is observed for ﬁlm thicknesses between 6 and 20 uc.
For thinner ﬁlms, an expansion of the c axis matching the theoretical predictions for an
electrostrictive eﬀect is observed experimentally.
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Tunable conductivity threshold at
polar oxide interfaces
In this chapter we show that interface conductivity is also exhibited when the LaAlO3
layer is diluted with SrTiO3, and that the threshold thickness required to show conduc-
tivity scales inversely with the fraction of LaAlO3 in this solid solution, and thereby also
with the layer’s formal polarization. These results can be best described in terms of the
intrinsic polar-catastrophe model, hence providing the most compelling evidence, to date,
in favor of this mechanism.
These results are part of reference [93]. The theoretical results, in the latter paper or
in this chapter, are the results of this thesis. However, all the experimental results have
been realized by the coauthors of this paper either by the group of P.R. Willmott at the
Paul Scherrer institut or by the group of J.-M. Triscone at the university of Geneva.
5.1 Introduction
In a polar/non-polar system, the electric ﬁeld is of a major importance given that it leads
to the metal/insulator transition for a given thickness tc. For the pristine interface, this
thickness is directly linked to the formal charge associated to each (001) layers of the
polar ﬁlm i.e. the formal polarization. We want to study the consequences of a change of
these layer formal charges on the electric ﬁeld and the impact on the critical thickness.
However, the system needs to be simple enough to be simulated by DFT calculations.
A solid solution thin ﬁlm between LaAlO3 and SrTiO3 is perfectly adapted to this work
since it can be modeled both theoretically and experimentally. Moreover, it allows to
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control the layer formal charge through the composition x of (LaAlO3)x/(SrTiO3)1−x.
In this study, we want to takle the creation of the 2DEG thanks to basic and intrinsic
concepts that appears in a polar/non-polar interface. We will analyze the evolution of the
metal/insulator critical thickness due to a change of the layer formal charges of the polar
ﬁlm. These predictions on pristine systems are then compared to experimental results on
more complex samples in which several reconstruction mechanisms are enabled.
5.2 Principle
The intrinsic doping mechanism, illustrated in ﬁgure 5.1, was elegantly reformulated in
the framework of the modern theory of polarization [25]: as discussed in the previous
chapter, LAO has a formal polarization P LAO0 =
e
2S
= 0.529 C m−2 (where S is the
unit-cell cross-section in the plane of the interface), whereas in nonpolar STO, P STO0 = 0.
The preservation of the normal component of the electric displacement ﬁeld D along the
STO/LAO/vacuum stack in the absence of free charge at the surface and interface (D = 0)
requires the appearance of a macroscopic electric ﬁeld ELAO the existence of which has
been probed in the previous chapter. Because of the dielectric response of LAO, this ﬁeld
is ELAO = P0
ǫ0ǫLAOr
= 0.24 V/Å, where ǫLAOr ≈ 24 is the relative permittivity of LAO [138].
The electric ﬁeld in LAO will bend the electronic bands, as illustrated in ﬁgure 5.1a. At a
thickness tc, the valence O 2p bands of LAO at the surface reach the level of the STO Ti 3d
conduction bands at the interface and a Zener breakdown occurs. Above this thickness,
electrons will be transferred progressively from the surface to the interface, which hence
becomes metallic (ﬁgure 5.1b-d). This simple electrostatic model not only explains the
conduction, but also links the formal polarization of LAO, its dielectric constant, and tc
such that
tc =
ǫ0ǫ
LAO
r ∆
eP LAO0
, (5.2.1)
where ∆ ≈ 3.3 eV is the diﬀerence of energy between the valence band of LAO and the
conduction band of STO, and e is the electron charge. This yields an estimate of tc ≈ 3.5
monolayers1 (ML), in perfect agreement with experiment [32].
Varying the composition of the LASTO:x ﬁlms (that is, x) allows one to tune continu-
ously the formal polarization such that P LASTO:x0 = xP
LAO
0 . For instance, for x = 0.5,
1Notice that here we used the experimental band gap of STO instead of the overestimated B1-WC
value.
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the random solid solution has alternating planes with +0.5 and -0.5 formal charges (ﬁg-
ure 5.1e,f), compared with +1 and -1 charges in pure LAO. One must, however, also
consider possible changes of the other fundamental quantities determining the critical
thickness expressed in equation 5.2.1. This is part of the next section.
Figure 5.1: Electrical potential build-up at polar interfaces. (a) The band-level scheme shows
band bending in the pure LAO layer of the valence band (VB) and conduction band
(CB), and the critical thickness tc and potential build-up eVc required to induce
the electronic reconstruction. φn is the valence-band offset between STO and LAO.
(b) LAO schematic atomic structure and (c) LAO planar charge distribution. (d)
Schematic of the potential build-up as a function of its thickness t for LAO and
LASTO:0.5, assuming the same relative permittivity but different formal polar-
izations P0 induced by the charge of the successive A-site and B-site sublayers.
The critical thicknesses for the electronic reconstruction are labelled t(1)c and t
(2)
c
for LAO and LASTO:0.5, respectively. (e) LASTO:0.5 planar charge distribution
and (f) schematic atomic structure. For (b) and (f), the atom legend is shown at
the bottom.
5.3 The other intrinsic parameters
5.3.1 Band gap
The energy band gap ∆ formally depends on the electronic band gap of STO and the
valence-band oﬀset φn (ﬁgure 5.1) between the two materials, which can evolve with x.
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In practice, however, the O 2p valence bands of STO and LAO (x = 1) are virtually
aligned (φn = 0.1 eV [53] and φn = 0.2 eV with B1-WC) and φn further diminishes with
x, so that we can conﬁdently approximate ∆ ≈ ESTOg , irrespective of the composition.
5.3.2 Dielectric constant
For pure bulk compounds in the cubic perovskite structure, the hybrid B1-WC approach
yields a lattice constant and static dielectric constant for STO (aSTO = 3.88 Å, ǫSTOr = 265)
and LAO (aLAO = 3.80 Å, ǫLAOr = 28), see chapter 3, in good agreement with experimental
data at room temperature (ǫSTOr ≈ 300, ǫLAOr ≈ 24). When the in-plane lattice constant of
LAO is expanded to that of STO to accommodate the epitaxial strain, the c-parameter
contracts as expected from elastic theory, yielding c0 = 3.75 Å (c0/a = 0.97) and the
dielectric constant becomes anisotropic: ǫLAOzz = 23, ǫ
LAO
xx = ǫ
LAO
yy = 37. The static
dielectric constant combines a frozen-ion electronic part (that is, the optical dielectric
constant ǫ∞) and a relaxed-ion phonon contribution through the expression
ǫABOij = ǫ
∞
ij +
4π
Ω0
∑
m
Sijm
ω2m
, (5.3.1)
where the sum runs over the transverse optic modes TOm, Ω0 is the unit-cell volume, Sijm
is the oscillator strength of mode m and ω2m its frequency (Table 5.1).
Calculated dielectric constants of STO and LAO
Contribution Mode SrTiO3 LaAlO3
ω(cm−1) ǫSTO ω(cm−1) ǫLAO
Electronic 5 4
Phonons TO1 91 251 171 19
TO2 180 7 411 4
TO3 559 2 679 1
Total 265 28
Table 5.1: Electronic and phonon transverse optical mode (TOm) contributions to the static
dielectric constant of SrTiO3 and LaAlO3, in the cubic perovskite structure at the
optimized lattice constant.
To estimate theoretically the static dielectric constant of (LaAlO3)x/(SrTiO3)1−x solid
solutions for x = 0.5 and x = 0.75, we adopted a supercell approach and considered
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diﬀerent atomic orderings as illustrated in ﬁgure 5.2. The in-plane lattice constant of
the supercell was ﬁxed to aSTO = 3.88 Å. Periodic boundary conditions were used: the
atomic positions and the out-of-plane lattice parameter c (along z) were relaxed and
the electronic and phonon contributions to the dielectric constant were computed. For
x = 0.5, four diﬀerent atomic arrangements, compatible with a 20-atom-supercell, were
considered (ﬁgure 5.2). The “checkerboard“ (CB) conﬁguration corresponds to the case
in which Al and Ti atoms at the B site, and La and Sr atoms at the A site, are perfectly
alternating along the three Cartesian directions of the cubic perovskite unit cell; it is
the atomic conﬁguration most representative of a perfect mixing achievable within the
chosen supercell. The “chain” conﬁgurations then preserve Ti and Al chains (for C1) and
Ti and Al and Sr and La chains (for C2) along the z direction; these conﬁgurations mimic
arrangements in which columns of STO and LAO are in parallel. Finally, the “planar“
conﬁguration (P1) corresponds to a STO/LAO 1/1 superlattice in which STO and LAO
planes alternate along the z direction, and therefore corresponds to having STO and LAO
in series.
In all cases, the static dielectric constant along z remains close to that of LAO under the
same strain conditions (ǫLAOr = 23). In the CB conﬁguration, we obtain ǫ
LASTO:0.5
r = 27.
For the P1 arrangement, we also nearly recover the dielectric constant of LAO, as ex-
pected when putting LAO and STO in series, while the dielectric constant increases for
C1 and C2, as expected when placing them in parallel. All these results are compatible
with the fact that the large dielectric constant of STO arises from the contribution of the
low-frequency ferroelectric mode, which requires a correlation of the atomic displacement
along Ti-O chains, which is suppressed by atomic disorder. The C1 and C2 orderings
exhibit the highest dielectric constants and have the highest energies; these are, there-
fore, unlikely to appear spontaneously. The energetically most stable conﬁguration is P1.
However, as the growth is not at thermodynamic equilibrium and there is no experimen-
tal evidence from X-ray diﬀraction of any kind of spontaneous superlattice ordering, we
consider the theoretical conﬁguration most representative of the experimentally grown
system to be the CB ordering, which exhibits a static dielectric constant nearly equal
to that of LAO. We notice that averaging over the diﬀerent orderings would still pro-
duce a dielectric constant close to that of LAO. This conclusion is further conﬁrmed
experimentally.
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Figure 5.2: (LaAlO3)x(SrTiO3)1−x atomic configurations simulated by first-principles calcu-
lations. Four configurations for x = 0.5 and one for x = 0.75 were consid-
ered. The static dielectric constant along z, ǫLASTOzz , and the difference of en-
ergy ∆ (in eV/f.u. of 5 atoms) with respect to the reference energy Eref =
xELAO + (1 − x)ESTO corresponding to the sum of the individual energy of bulk
LAO and STO in the same strain conditions, are summarized in table 5.2.
Calculated dielectric constants
Model x ǫLASTOzz ∆E
CB 0.5 27 0.055
C1 0.5 34 0.131
C2 0.5 52 0.077
P1 0.5 32 0.028
M 0.75 26 0.020
Table 5.2: Four investigated models for x=0.5 and one model for x=0.75 are considered.
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5.4 First-principles results
Hence, from the discussion above, it seems that varying the composition of the LASTO:x
ﬁlms (0.5 ≤ x < 1) allows one to tune the formal polarization while keeping the other
quantities in equation 5.2.1 essentially constant, that is,
tLASTO:xc = t
LAO
c /x (5.4.1)
On the basis of these ﬁndings, we subsequently modelled STO/(LASTO:0.5)m/vacuum
stacks, considering the CB atomic arrangement. First, before breakdown, the computed
electric ﬁeld within LASTO:0.5 is equal to about 0.1 V/Å, roughly half that observed in
pure LAO (0.24 V/Å) and consistent with the fact that the dielectric constant remains
approximately the same, whereas the formal polarization is half that of pure LAO. The
average lattice constant within LASTO:0.5 is equal to 3.84 Å, slightly larger than the
value of 3.81 Å for CB bulk LASTO:0.5 in the same strain conditions, consistent with
the electrostrictive eﬀect. This value is comparable to what is measured experimentally.
Increasing m, the ﬁrst-principles calculations predict that the system becomes metallic
for m between 6 and 7, in perfect agreement with the polar catastrophe scenario and
the experimental measurements. For x = 0.75, we considered the atomic arrangement of
conﬁguration M in ﬁgure 5.2, that corresponds to a checkerboard arrangement in plane.
Here again the static dielectric constant of the alloy remains essentially equal to that
of LAO: ǫLASTO:0.75r = 26. Using the model of the electronic reconstruction we therefore
predict that tc = 7 ML and 5 ML for x = 0.5 and 0.75, respectively, a result conﬁrmed
for x = 0.50 from ﬁrst-principles calculations.
5.5 Experimental results
The crystallographic quality of the ﬁlms is shown in ﬁgure 5.3. Growth was layer-by-layer,
as also seen from clear RHEED oscillations and the atomic ﬂatness observed in atomic-
force micrographs. All ﬁlms were perfectly strained. The out-of-plane lattice constant of
the LASTO:0.5 ﬁlms was determined to be 3.83 ± 0.01 Å, in agreement with ab initio
calculations for strained growth on STO (the pseudocubic lattice parameter of the bulk
pulsed laser-deposition (PLD) target was 3.85 ± 0.01 Å). No evidence could be found
either in plane or out of plane from superstructure peaks that there was any spontaneous
ordering of the cations, at least for superstructures with a periodicity an even multiple
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of that of the normal unit cell. Neither of the mixed-composition ﬁlm stoichiometries
Figure 5.3: (a) X-ray diffraction patterns recorded as a function of reciprocal lattice units
(r.l.u.) around the (002) peaks of the STO substrate (sharp feature) and the
LASTO:0.5 films, for different film thicknesses. (b) Sheet carrier density as a
function of temperature and film thickness for pure LAO and LASTO:0.5.
investigated produce layers that increase in conductance with thickness, as one might
otherwise expect for intermixed materials that were intrinsically electrically conducting.
In addition, none of the ﬁlms are conducting at the top surface, but instead require
careful bonding at the interface to exhibit conductivity. These metallic interfaces were
characterized for their transport properties using the van der Pauw method. All samples
remained metallic down to the lowest measured temperature of 1.5 K. The sheet carrier
densities ns are in the range 3 to 15×1013 cm−2, although with no obvious dependence
on composition or thickness of the layers (ﬁgure 5.3b).
According to the polar-catastrophe model, we should expect LASTO:x samples to exhibit
a lower carrier density, as the screening charge scales as x. e/2S, whereby S is the unit-
cell surface area. However, as already observed for LAO/STO interfaces, the estimation
of the carrier density from the Hall eﬀect yields values up to one order of magnitude
smaller than those predicted from theory, possibly suggesting a large amount of trapped
interface charges [58]. This can explain the known scattering of data from one sample to
another, irrespective of composition or layer thickness, and precludes the possibility of
testing the polar-catastrophe scenario simply from inspection of ns. The Hall mobility µ
(∼ 500 cm2 V−1 s−1 at 1.5 K) and sheet resistance (∼5-20 kΩ/ at room temperature)
of the LASTO:x interfaces measured as a function of temperature exhibit essentially the
same dependence as those for the interfaces with pure LAO ﬁlms [149] . To probe exper-
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imentally the dielectric constant, capacitors were fabricated with diﬀerent thicknesses of
pure LAO and the x = 0.5 ﬁlms, using palladium as the top electrode. A serious com-
plication in measurements of such ultrathin ﬁlms is the signiﬁcant contribution of the
electrode-oxide interface on the capacitance [155], which means that the results can only
be viewed semi-quantitatively. We observe that the dielectric constants of the LASTO:0.5
and LAO display values in the range of 20 to 30, and are in good agreement with previous
reports on ceramic solid-state solutions, where no large enhancement of the relative per-
mittivity was observed for the solid solution up to 80% STO [156]. Measurements of the
temperature dependence and the electric-ﬁeld tunability conﬁrm that LASTO:x behaves
like LAO rather than STO. Cooling the ﬁlms to 4 K produces a small change of the
dielectric constant, in sharp contrast with the low-temperature divergence of STO. These
experimental results show that there is no large enhancement of the dielectric constant in
LASTO:0.5 with respect to pure LAO, as predicted by our ﬁrst-principles calculations.
Figure 5.4 is the central result of this work. The conductance of the interface as a function
of the LASTO:x ﬁlm thickness is shown for x = 0.5 (ﬁgure 5.4a), x = 0.75 (ﬁgure 5.4b),
and x = 1 (pure LAO, ﬁgure 5.4c). The conductivity is given in conductance (left axis)
and/or sheet conductance (right axis). The step in conductance for x = 1 is observed
between 3 and 4 unit cells, as ﬁrst observed by Thiel et al.. [32] and reproduced by several
groups. For x = 0.75 and 0.50, the data unambiguously demonstrate that the critical
thickness increases with STO-content in the solid solution, with tLASTO:0.75c close to 5 unit
cells, and tLASTO:0.5c between 6 and 7 unit cells.
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Figure 5.4: Dependence of the conductivity threshold thickness on film composition. Room-
temperature conductance of LASTO:x films for (a) x = 0.50, (b) x = 0.75, and (c)
x = 1. The dashed vertical lines for x = 1.0 and 0.75 indicate the experimentally
determined threshold thicknesses tc, which for x = 0.5, is represented by a band
for the more gradual transition. All values were obtained after ensuring that the
samples had remained in dark conditions for a sufficiently long time to avoid any
photoelectric contributions. The blue triangles are samples belonging to the first
set, and red points denote samples from second set.
5.6 Discussion
The striking result shown in ﬁgure 5.4 demonstrates that the critical thickness depends
on x, increasing as the formal polarization decreases. The thresholds in conductivity
obtained from the experimental data are only very marginally smaller than predicted by
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theory, which can easily be attributed to the uncertainty in the dielectric constants of
the solid solutions. The overall agreement, however, with the predictions of the intrin-
sic polar-catastrophe model described by equation 5.2.1 is remarkable. In contrast, it is
diﬃcult, or, at least, it demands a signiﬁcantly more complex model, to explain the ob-
served dependence of the threshold thickness with x in terms of the extrinsic phenomena
of interfacial intermixing or oxygen vacancies. It would require that the ”correct“ com-
position to provide conductivity is only achieved at the interface, regardless of the ﬁlm
composition, and that this stoichiometry is obtained only after depositing a ﬁlm thick-
ness that does depend on x. We can envisage no such scenario explained by intermixing
or oxygen vacancies. Using the principle of Occam’s razor, we therefore consider both
extrinsic mechanisms to be far less plausible candidates.
5.7 Conclusion
In conclusion, we have shown that, in heterostructures of ultrathin ﬁlms of the solid
solution (LaAlO3)x/(SrTiO3)1−x grown on (001) SrTiO3, the critical thickness, at which
conductivity is observed, scales with the strength of the built-in electric ﬁeld of the
polar material. These results test the fundamental predictions of the polar-catastrophe
scenario and provide compelling evidence in favour of the intrinsic origin of the doping
at the LAO/STO interface.
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Chapter 6
Spontaneous 2-Dimensional Carrier
Confinement at the n-Type
SrTiO3/LaAlO3 Interface
In this chapter we describe the conﬁnement of the two-dimensional electron gas at the n-
type SrTiO3/LaAlO3 interface, as a function of the sheet carrier density ns via advanced
ﬁrst-principles calculations. Electrons localize spontaneously in Ti 3dxy levels within
a thin (. 2 nm) interface-adjacent SrTiO3 region for ns lower than a threshold value
nc = 1014 cm−2. For ns > nc a portion of charge ﬂows into Ti 3dxz − dyz levels extending
farther from the interface. This intrinsic conﬁnement can be attributed to the interface-
induced symmetry breaking and localized nature of Ti 3d t2g states. The sheet carrier
density directly controls the binding energy and the spatial extension of the conductive
region. A direct, quantitative relation of these quantities with ns is provided. These
results were published in reference [94]. The pSIC calculations have been realized by the
coauthors of this work.
6.1 Introduction
The previous chapters were dedicated to a general description of the LaAlO3-SrTiO3
system (chapter 3) and the possible mechanisms at the origin of the 2DEG at the n-type
interface (chapter 4 and 5). The last part of this work is devoted to the properties of
the 2DEG. For instance the two-dimensional nature of the gas was only proved in 2010
thanks to Shubnikov-de Haas experiments [154] and this gas is diﬀerent to what is found
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at conventional semiconductor interfaces [46, 157]: extremely small thickness (∼ nm
rather than ∼ µm), large binding energies (tenths of eV rather than meV), and correlated
nature of the carriers (as opposed to nearly free carriers), better described through the
concept of two-dimensional electron liquid (2DEL). The LaAlO3-SrTiO3 heterostructure
presents some new and rich physics as expected by tuning the degrees of freedom in
oxides materials. In addition the high correlation of the Ti 3d electrons tend to make this
system even more exciting with properties that are far from the usual “free electrons”
behavior at the semiconductor interfaces. For that reason it is mandatory to investigate
these new properties and to describe and explain the new possibilities of such systems
that are an opportunity for electronics [5].
While previous theoretical works were based on conventional LDA/GGA [53, 54, 141,
144, 158–160] or parameter-dependent LDA+U [52, 143, 161–163], here we apply two
advanced density functional theory-based methods which provide an improved descrip-
tion of strongly correlated materials: the pseudo self-interaction corrected local-density
functional (pSIC) [164], and the hybrid Fock-exchange plus Wu-Cohen GGA functional
(B1-WC) [114] as already used in the previous chapters. Their performance for corre-
lated oxides is demonstrated by many previous applications [114, 164, 165] and the correct
description of bulk STO and LAO electronic structures.
In this chapter we demonstrate, based on advanced ﬁrst-principles calculations appropri-
ate for correlated systems, that the formation of the 2DEL can be explained by purely
intrinsic mechanisms activated by the localized nature of Ti 3d t2g carriers. In addition
we will show the impact of this orbital occupancy on the geometrical structure, through
buckling and rumpling, an eﬀect that was experimentally observed by Pauli et al. [61].
6.1.1 Orbitals splitting: a general case
The free Ti atom is formed of 22 electrons with the 4 latest that start to ﬁll the ﬁve 3d
orbitals. The 3d states are energetically degenerated in the free or spherical environment,
see ﬁgure 6.1a. In Sr2+Ti4+O2−3 , the Ti can be considered at the center of the cubic
structure, and forming bondings with the O at the face center. Even if the three spatial
directions are identical, the ﬁve 3d orbitals have diﬀerent orientations and the Coulomb
repulsions depend on the direction which is considered. Indeed, the electrons in O2− are
not at the same distances to all the 3d orbitals of Ti due to the octahedral symmetry.
◦ 3 orbitals are pointing between 2 oxygen atoms: dxy, dxz and dyz. An electron in one
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of these orbitals would experience a smaller electrostatic repulsion from the O2− due to
a larger distance. These 3 equivalent orbitals are collectively referred to as t2g and are
stabilized.
 2 orbitals are pointing toward oxygen atoms: dz2 and dx2−y2 . An electron in one of
these orbitals would experience a larger electrostatic repulsion from the O2− due to a
smaller distance. These 2 equivalent orbitals are collectively referred to as eg and are
destabilized.
The resulting picture is represented in ﬁgure 6.1b where 1 set of 5 degenerated orbitals
changes to 2 sets of 3 and 2 degenerated orbitals. This description corresponds to an
ideal and inﬁnite system in all 3 directions, as in the bulk. In a real substrate, however,
the previous description is only a valid approximation thanks to the size of the sample.
Indeed the surface represents only a very small fraction of the system and is usually
neglected1. For example in a 1 mm thick substrate there is only few layers close to the
surface while ∼ 4× 106 layers composes the sample.
In Sr2+Ti4+O2− the 3d orbitals are empty and if the system is doped, according to crys-
tal ﬁeld eﬀect, the electrons rely in the t2g orbitals. However, the Ti 3d orbitals do not
have the same resulting properties and for instance can diﬀer by their mobilities or their
eﬀective masses. Know in which t2g orbitals the electrons rely is thus important when
considering electronic properties. Nevertheless, in LaAlO3-SrTiO3 heterostructures addi-
tional symmetries are broken and a new splitting of orbitals can emerges compare to the
octahedral symmetry represented in ﬁgure 6.1b.
6.1.2 Orbitals splitting: the LAO-STO case
The LaAlO3-SrTiO3 system is much more diﬀerent due to the thin LaAlO3 ﬁlm on top of
the substrate, meaning that surface and interfacial eﬀects cannot be neglected in LAO. In
addition, for SrTiO3 the layers close to the interface experience a totally new environment
due to the LaAlO3 ﬁlm, far from being bulk-like. More generally, all the directions are
no longer equivalent. Parallel to the interface, i.e. in x and y directions, the system
consist of repeating units in a large range, so surface eﬀects can be neglected2. On the
1In fact the orbitals of the surfacial atoms can be modified and are forming surface bands. Such bands
actually appear in our systems and will be discussed in a later section.
2In fact, due to the boundary condition, there is no surface at all in the calculations in these 2
directions.
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Figure 6.1: a) The 5 Ti 3d degenerated states in the free environment. b) t2g and eg states of
the octahedron symmetry. c) Additional splitting in the finite thin film.
other hand, perpendicular to the interface, z direction, the environment suddenly changes
when the interface (SrTiO3 → LaAlO3 ) or the surface (LaAlO3 → vacuum) is crossed.
The z direction is no more equivalent to the two others, x and y. As consequence, in
LaAlO3-SrTiO3 the t2g orbitals in SrTiO3 are split in a singlet dxy and a doublet dyz and
dxz as represented in ﬁgure 6.1c. However the orbital ordering in t2g or eg is not trivial
to predict.
The band structures using B1-WC calculation of a vacuum/(SrTiO3)4/(LaAlO3)2/vacuum
stack and on SrTiO3 bulk are represented in ﬁgure 6.2b and 6.2a respectively. For the
latter, the t2g orbitals are degenerated at Γ point and the eg orbitals are higher in energy
as expected by the crystal ﬁeld theory. The band structure of the slab is more compli-
cated. First, the crystal ﬁeld splits the 3d states. Secondly, symmetry breaking due to
the interface splits the t2g states in a lower dxy singlet and an upper dxz, dyz doublet,
inducing the preferential ﬁlling of the former, in agreement with measurements by x-ray
spectroscopy [47]. In addition, the Ti atoms of diﬀerent layers experience not equal elec-
trostatic ﬁeld due to various distances to the interface. For that reason, Ti in diﬀerent
layers are not equivalent anymore and several bands, corresponding to the number of
TiO2 layers in the system, are formed for each orbitals. For thicknesses smaller than
tc, the system is insulating and all the Ti 3d orbitals are above the Fermi level. When
SrTiO3 is doped, electrons start to ﬁll these orbitals that are shifted below the Fermi
level. Two questions are coming to mind here. First is, how the orbital occupancies and
the properties of these bands evolves with the charge densities? Second is, how the shift
of the bands evolves with the LaAlO3 thicknesses or the carrier density (rigidly or not)
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and what are the consequences? These two questions are at the center of the present
chapter (or [94]) and the work in reference [166] (not presented in this thesis).
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Figure 6.2: a) The Ti 3d bands for STO in bulk. In Γ the t2g orbitals are degenerated and
lower in energy compare to eg orbitals. b) The Ti 3d bands for STO in a two-
dimensional slab. At Γ point the t2g and eg orbitals are split due to surfacial
(or interfacial) effects. Each band is multiplied by the number of Ti atom in the
system and are not at identical energy anymore. However generally a band does
not correspond to a specific Ti.
6.2 Orbital occupancy
6.2.1 Electron confinement
To describe the orbital occupancy in the LaAlO3-SrTiO3 system, we model the ideal and
fully compensated (doped by 0.5 e−/S) STO/LAO interface by a symmetric superlattice
with two identical TiO2/LaO interfaces (see section 2.4.2). The half-electron redistri-
bution near the interface is illustrated in ﬁgure 6.3a, which reports the pSIC calculated
layer and orbital projected Ti t2g density of states in a small energy window near the
STO conduction band bottom (the B1-WC results for the DOS, not displayed here, are
quite similar3). The corresponding band energies and Fermi surfaces, discussed later on,
are reported in ﬁgures 6.4a and 6.4c, respectively. As described in the introduction, the
interface crystal ﬁeld splits the t2g states in a lower dxy singlet, and an upper dxz, dyz
3We present here the results as they were in the original paper.
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Figure 6.3: Layer-projected and orbital-resolved density of states of the Ti 3d t2g orbitals in
the symmetric STO/LAO supercell calculated by pSIC. Black lines: dxy singlet;
red lines: (dxz, dyz) doublet; panels (a), (b), and (c) refer, respectively, to ns = 0.5
e−/S (i.e., 3.3 × 1014 cm−2), 0.15 e−/S (1014 cm−2), and 0.03 e−/S (0.2 × 1014
cm−2). Ti0 is the Ti atom at the interface, Tii the Ti atom of the ith layer below
it. The eg submanifold is empty and well above this energy range.
doublet inducing the preferential ﬁlling of the former, in agreement with measurements
by x-ray spectroscopy [47] (see the corresponding band splitting in ﬁgure 6.4a). Table 6.1
reports the (very consistent) B1-WC and pSIC values of singlet and doublet occupations
in each STO layer: a large charge fraction (0.15 e−/S) sits in the dxy state right at the
interface (Ti0); a much smaller and steadily decreasing portion also exists in the Tii dxy
states up to layer i = 4, until on Ti5 no more dxy charge is found. On the other hand,
starting from Ti1 a minor portion of charge is carried by interface orthogonal dxz and dyz
orbitals. This contribution, spread over a thicker STO region, survives beyond the sixth
Ti layer below the interface. Concurrently, the singlet-doublet splitting decreases from
∼ 0.37 eV for Ti0 (0.4 eV according to B1-WC) to 0 at Ti3, and then changes sign at Ti4
as the singlet shifts above the doublet.
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Calculated orbital occupancy
dxy dxz + dyz t2g
Ti0 0.15 (0.15) 0 (0) 0.15 (0.15)
Ti1 0.09 (0.09) 0.01 (0.01) 0.10 (0.10)
Ti2 0.06 (0.05) 0.03 (0.02) 0.09 (0.07)
Ti3 0.04 (0.04) 0.05 (0.04) 0.09 (0.08)
Ti4 0 (0.01) 0.04 (0.05) 0.04 (0.06)
Ti5 0 (0) 0.02 (0.02) 0.02 (0.02)
total 0.34 (0.34) 0.15 (0.14) 0.49 (0.48)
Table 6.1: Orbital decomposition of the 0.5 electron charge on the STO side of the fully com-
pensated n-type TiO2/LaO interface calculated by pSIC and B1-WC (in parenthe-
ses). The TiO2 layer labeled “Ti5” is the farthest from the interface.
The 0.5 e−/S (i.e., 3.3 × 1014 cm−2) limit ﬁxed by the polar catastrophe model is actually
never reached in Hall measurements, which typically report ns between 1013 cm−2 and
1014 cm−2, depending on sample condition and preparation. This motivated us to inves-
tigate the 2DEL properties at lower charge carrier concentration. Thus, using the same
structure, we ﬁx ns at two typical values: 1014 cm−2 (0.15 e−/S) [46], and 0.2 × 1014
cm−2 (0.03 e−/S) [40]. At ns = 1014 cm−2 [see the corresponding DOS and band energies
in ﬁgure 6.3b and ﬁgure 6.4b, respectively] EF crosses four dxy bands of the ﬁrst four Ti
atoms from interface, running just below the bottom of the doublet band manifold, which
remains unoccupied. Thus, the charge is entirely localized within the ﬁrst 1.5-2 nm from
the interface and is exclusively of dxy orbital character. Clearly, even a tiny increase of
EF would produce a charge spillout into the doublet states. The binding energy (i.e., the
diﬀerence between the conduction band bottom at the interface and in the inner side of
the slab) is 0.25 eV, thus quite smaller than the 0.37 eV for ns = 0.5 e−/S, and consistent
with the experimental value of 0.25 ± 0.07 eV [43]. In the very low-concentration case
(see the DOS in ﬁgure 6.3c) all the charge is entirely localized on the Ti0 dxy orbital,
and the binding energy is about 0.2 eV. Our analysis reveals a moderately correlated
nature of the conﬁned charge: the energy splitting at the interface between dxy and dxz,
dyz directly controls the conﬁnement extension. Standard LDA/GGA underestimates
the splitting due to the poor treatment of the on-site Coulomb repulsion, while B1-WC
and PSIC, appropriate for correlated electrons, restore the correct behavior4. We have
4LDA predicts an interface singlet-doublet splitting significantly (∼ 50%) smaller, and a localization
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Figure 6.4: Top: pSIC-calculated band energies for (a) ns = 0.5 e−/S (3.3 × 1014 cm−2), and
(b) ns = 0.15 e−/S (1014 cm−2). Bottom: Panel (c) calculated Fermi surfaces for
ns = 0.5 e−/S in the 1 × 1 Brillouin zone of edge 2π/aSTO; labels identify the
dominant t2g orbital character and the TiO2 layer they belong to (same notations
as in figure 6.3); notice that xzi, yzi, with i ≤ 1 label the (nearly degenerate)
occupied doublet orbitals located on Ti1, Ti2, etc. Panel (d) sketch of the calculated
extremal Fermi surfaces (dotted black line) divided up into three contributions, the
circular xy0 and two cigar-shaped xzi and yzi bands.
estimated the contribution to the singlet-doublet splitting due to the on-site Coulomb
repulsion to be ∼ 0.2 eV at the interface layer for the ns = 0.5 e−/S case. This conﬁning
mechanism is fully consistent with that envisioned in reference [5, 157], and it holds in
general for both LAO ﬁlms grown on STO or STO/LAO multilayers, irrespective of the
presence or absence of built-in electric ﬁeld in LAO (as conﬁrmed by B1-WC calculations
on isolated STO/LAO/vacuum stacks of various LAO thicknesses presented in chapter
3). Figure 6.5 summarizes the interface band lineup, charge proﬁle, and binding energies
length slightly longer than in our approach. See, e.g., W.-j. Son et al. [51]
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Figure 6.5: Left: sketch of the band alignment at the LAO-STO interface as calculated in
pSIC; yellow (light gray) and red (dark gray) areas indicate dxy and dxz + dyz
contributions, respectively. Right: total t2g (dashed) and dxy (solid) charge densi-
ties per unit area as a function of chemical potential, calculated from the interface
with 0.5 e−/S assuming a rigid-band behavior (EF = 0 corresponds to occupancy
0.5 e−/S or 3.3 × 1014 cm−2). Yellow (light gray) and red (dark gray) areas are
contributions of planar dxy and orthogonal (dxz, dyz) orbitals, respectively. On
the right y axis, Tii indicates up to which Ti layer the dxy charge (indicated by
the dashed horizontal line) spreads.
obtained in our calculation. The conﬁning potential for the dxy charge (left, in yellow) is
just the interpolated proﬁle of the conduction band bottom for the occupied dxy states.
A general relation between ns and thickness of the metallic region is given in ﬁgure 6.5,
right. Here ns(EF ) is calculated as the integral from band bottom to EF of the DOS
shown in ﬁgure 6.3a, distinguishing total t2g and dxy contributions. The dxy charge is
extremely short range, peaking at Ti0 and extending only up to ﬁve STO units; the (dxz,
dyz) charge extends beyond the sixth STO layer below the interface. Despite the im-
plicit rigid-band approximation, the plot interpolates well the charge redistribution for
ns calculated directly in ﬁgure 6.5b and ﬁgure 6.5c: for ns up to 0.4 × 1014 cm−2 the
charge is entirely hosted by Ti0 dxy; above this value the Ti1 dxy state begins to ﬁll as
well. At nc ≃ 1014 cm−2 (0.15 e−/S) even Ti2 and Ti3 dxy states host some charge, while
immediately above this level the charge spills onto dxz, dyz states, progressively acquiring
a delocalized character. Hence, nc represents the maximum concentration which can be
accommodated exclusively by dxy states, and is highly conﬁned in a ∼ 1.5-2 nm range
from the interface.
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6.2.2 Comparison to experimental data
We can use the model to analyze experimentally reported carrier densities. Several ex-
periments (XAS [47], atomic force microscopy [28], hard x-ray photoemission [39, 64])
report conﬁnement regions of few nm, in line with our results. Huijben et al. [40] found
for the STO/LAO superlattice a small ns ∼ 0.2×1014 cm−2 at T = 0 K, which according
to our results should imply charge entirely localized within 1 nm from the interface. A
similar value was reported by Thiel et al. [32] for the freestanding LAO ﬁlm. Dubroka et
al. [46] recently found ns = 0.9×1014 cm−2, that is near our critical nc, and should imply
a conﬁnement length of 2 nm or so. In fact, the ns proﬁle measured by ellipsometry does
decay sharply at about 2 nm, quite consistently with our calculated dxy density proﬁle.
An additional tail, vanishing at 11 nm, with a fourfold reduced carrier density, could
be reasonably associated with the extended dyz, dxz doublet charge (see populations in
Table 6.1).
6.2.3 Additional properties
We now come back to ﬁgure 6.4c to discuss the Fermi surface. We can distinguish ﬁve
roughly circular Fermi sheets corresponding to the ﬁve Tii dxy states (i = 0, 4) partially
occupied at ns = 0.5 e−/S [ﬁgure 6.3a]. They are markedly parabolic in the (kx, ky) plane,
and resemble closely their bulk counterparts. Contrariwise, dxz and dyz bands are quite
anisotropic. The sketch in ﬁgure 6.4d illustrates how the largest Fermi surface for ns = 0.5
e−/S is in fact the intersection of dxz and dyz high-eccentricity ellipses with the circular dxy
section due to Ti0. At lower ns = 0.15 e−/S (panel b), on the other hand, only circular dxy
sheets are occupied. The doublet bands, though, linger just above EF , and small charge
ﬂuctuation may cause sloshing out of the 2 nm wide conﬁnement region. The diﬀerence
between singlet and doublet is also reﬂected in the calculated eﬀective band mass m∗.
For the dxy bands, m∗x = m
∗
y = 0.7 (in units of me); for dxz bands m
∗
x = 0.7 and m
∗
y = 8.8
(for dyz, m∗x = 8.8, m
∗
y = 0.7 by symmetry). Thus, we are left with light electrons with
m∗L = 0.7 hosted by dxy states, and heavy electrons with m
∗
H = 2(m
∗
xm
∗
y)/(m
∗
x+m
∗
y) = 1.3
traveling within dxz and dyz states. They will contribute diﬀerently to mobility and
transport. The ratio of conductivity due to dxy carriers at Ti0 to that of dxz, dyz electrons
in their most populated layer (Ti3) is σ0/σ3 = n0m∗H/n3m
∗
L ∼ 5.6, where n0 and n3 are
the calculated sheet densities for Ti0 and Ti3, respectively. Averaging over light and heavy
carriers we obtain m∗ = n(m∗Lm
∗
H)/(nLm
∗
H + nHm
∗
y) = 0.81, with n = (nL + nH) = 1/2,
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and nL and nH the total charge of singlet and doublet states, respectively, (last row of
Table 6.1). Accounting for electron-phonon renormalization using a coupling constant
λ ∼ 3 typical for n-type STO [167], our estimate becomes m∗r = (1 + λ)m∗ ≃ 3.2, in
agreement with that inferred from ellipsometry and transport [46], m∗ = 3.2± 0.4. Our
interface band mass is only 25% larger than the corresponding STO bulk value: this
is in line with recent observations [168] which found no thermopower enhancement in
STO/LAO structures compared to STO bulk. Remarkably, the band shapes remain
substantially unchanged with ns; hence, planar mobility should not depend on carrier
concentration in the intrinsic limit.
6.3 Rumpling and buckling
Previously we described how the built-in electric ﬁeld implies structural distortions in
LAO through electrostrictive eﬀects. The rumpling was already deﬁned in chapter 3 as
the distance between the cation and the anion of a layer divided by 2. However, in SrTiO3
the origin of the structural distortions is the conductive charges that spread in the Ti 3d
orbitals. The intensity does not depend directly on the charges but on the diﬀerence of
charges, ∆σ, in each layers5. The charge diﬀerence ∆σ is at the origin of a microscopic
electric ﬁeld which leads to local forces on anions and cations.
In the pristine LaAlO3 thin ﬁlm on (001) SrTiO3 substrate, the charge density after the
breakdown increase with the LAO ﬁlm thickness. The structural distortions, here the
rumpling in STO, should also increase with the ﬁlm thickness. For n = 4, see ﬁgure 6.6,
the system is still insulating and, in STO, no eﬀect on atomic position is seen except
the small one due to the interface. For n = 5, the system becomes metallic and some
charges are transferred into the Ti 3d orbitals. Due to the orbital ordering the electrons
preferentially ﬁll the dxy orbitals ﬁrst, which are highly conﬁned at the interface. The
structural distortions reﬂect this behavior with a large rumpling close to the interface
even if the rumpling is not strictly zero in the rest of STO6. For n = 6 the carrier
density increased and become greater than σc leading to the ﬁlling of the Ti dyz and dxz
orbitals, more spread in STO. This corresponds to a large increase of the rumpling in STO,
5Ti 3d orbitals are well localized in space.
6By fixing the thickness to n = 5 the carrier density is also fixed and it appears that the value is
already close to σc and dxz-dyz are just below the Fermi level in this case. This is not always the case
and in some systems these bands are really empty and above the Fermi level as predicted by the model.
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excepted at the interface (still a factor of 2) where dxy orbitals are now more slowly ﬁlled.
In these thin ﬁlm systems, the rumpling at the interface depends on the LAO thickness
(i.e. the charge density) and is always smaller than the value found in superlattice, which
corresponds to the maximum of charge transferred. As we approach the interface in
STO, the lattice parameter gradually increases as observed in reference [60] where they
attributed this eﬀect to the distribution of Ti3+ atoms as shown in reference [94].
1 2 3 4 5 6 last TiO2
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Figure 6.6: The rumpling in SrO and TiO2 layers for 3 different thicknesses. For n = 4:
σS = 0, for n = 5: σS < σc and for n = 6: σS > σc. The rumpling spreads into
the STO when the critical carrier density σc is reached for thicknesses bigger than
6.
6.4 Conclusion
Using advanced ﬁrst-principles methods, we provided an accurate description of the 2DEL
at the intrinsic TiO2/LaO interface of STO/LAO heterostructures. We ﬁnd the 2D charge
conﬁnement as due to interface-induced Ti 3d state splitting and to the localized nature
of the Ti 3dxy states, thus supporting the experimental attribution [46, 47, 157] of 2DEL
formation to a primarily electronic origin7. Our results establish a relationship between
sheet carrier density and spatial extension of the 2DEL, setting an intrinsic threshold
(nc ∼ 1014 cm−2 or 0.15 e−/S) to the sheet carrier concentration of dxy character that may
be strictly localized near the interface; above this value, carriers start spilling over into
the STO substrate. A connection between carrier density, binding energy, and thickness
of the 2DEL is provided, which will be of practical guidance for future experiments and
calculations.
7possibly reinforced by interface localized atomic displacements and, e.g., the analysis of nonlinear
dielectric response at the interface presented in reference [44].
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Conclusions and outlook
This work has been devoted to the study of the polar LaAlO3 thin ﬁlm on a non-polar
SrTiO3 (001) substrate, for which we have given a complete study with an advanced
functional: the hybrid B1-WC. The main achievement of this work is that we have pro-
vided arguments, based on ﬁrst-principles calculations on pristine LAO/STO interface
and in collaboration with experimentalists, supporting the polar-catastrophe scenario
through i) the presence of an electric ﬁeld probed through electrostriction and ii) a tun-
able metal/insulator threshold. Doing that, we have shown the importance of the polar
discontinuity in these kind of systems.
In this way, we made our own contribution to the LAO-STO interface, which is a large
and constantly evolving ﬁeld. In addition, we have shown that ab initio calculations
can be predictive in this complex system, in particular thanks to a collaboration with
experimentalists. Moreover, some of our scientiﬁc results would not have been possible
without this approach, that strongly couples theoretical simulations and experiments.
For the future, it would be interesting to continue such a collaboration that proved its
eﬀectiveness, possibly on other polar/non-polar interfaces.
We have shown the prominent role of the polar discontinuity and the intrinsic nature in
the LaAlO3-SrTiO3 interfaces. In a pristine (or almost pristine) interface, the electronic
reconstruction is totally practicable. However, in a non-pristine interface, some defects
can be activated, leading to other reconstruction mechanisms. For this reason, our work
has left open which mechanism is really at the origin of the 2DEG. Indeed, the studies
presented in chapter 4 and 5 could both give rise to a Zener breakdown or activation
redox reactions. Likely both can contribute, and the one dominating could depend on
growing conditions. The question of which mechanism occurs ﬁrst is then less important
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since, anyway, both of them predict a metal/insulator transition around 4 unit cells.
In chapter 6, we have studied the electronic conﬁnement showing a critical carrier density
at which the charges start spilling over into the STO substrate, an eﬀect due to the
localized nature of the Ti states. One of the biggest remaining issues is, however, the
sheet carrier density obtained by Hall transport measurements, one order of magnitude
lower than predicted. As an attempt to answer this problem, we considered the Fermi
surface and the energy-band occupancy for various charge-carrier densities. However, the
rigid band approximation (used for calculations in chapter 6) was no longer used. We have
shown that experimental data of Fermi surface correspond to energy-band occupancies of
low charge-carrier densities, suggesting that part of the electrons are trapped somewhere
else. These results were recently published in reference [166].
This manuscript has presented our results related to the LaAlO3-SrTiO3 interface. How-
ever, it is only a part of the studies performed during this thesis. Indeed, the skills we
have acquired during this work have been used to tackle other systems.
Thanks to our knowledge of the simulation package CRYSTAL and of the functional B1-
WC, we have studied other oxide systems, such as half-doped titanates. In this system,
we have highlighted the appearance of robust ferromagnetic and insulator states through
the combination of two diﬀerent types of Jahn-Teller motions, leading to an unusual
charge and orbital ordering of the Ti d electrons. In addition, thanks to a ferroelectric
state, with a spontaneous polarization approaching that of BaTiO3, half-doped layered
titanates could give a general concept to ferromagnetic ferroelectric multiferroics. These
results are already in the publication process and are presented in appendix A.
In addition, we have dedicated a study to the SrTiO3 under epitaxial constraints with
a Landau-Ginzburg-Devonshire approach. This method, already used in biaxial strained
STO, has been extended to uniaxial and isotropic constraints, showing the appearance of
a ferroelectric state at room temperature. This study, supported by ﬁrst-principles cal-
culations, will soon be submitted to publication process. The latest version is presented
in appendix B.
Finally, we have studied an organic ferroelectric compound: the polyvinylidene ﬂuoride
(CH2-CF2). In addition to a characterization through ﬁrst-principles calculations, we
studied the reversal polarization mechanism which can be easier thanks to a volume
expansion. This work will be in the redaction process soon.
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Appendix A
Ferromagnetism induced by entangled charge and orbital orderings in ferroelectric
titanate perovskites
N.C. Bristowe,1 D. Fontaine,1 J. Varignon,1 E. Bousquet,1 and Ph. Ghosez1
1Theoretical Materials Physics, University of Lie`ge, B-4000 Sart-Tilman, Belgium
(Dated: July 8, 2014)
In magnetic materials, the Pauli exclusion principle typically drives anti-alignment
between electron spins on neighbouring species resulting in antiferromagnetic be-
haviour. Ferromagnets exhibiting spontaneous spin alignment is a fairly rare behaviour,
but once materialized is often associated with itinerant electrons in metals. Here we
predict and rationalise robust ferromagnetism in an insulating oxide perovskite struc-
ture based on the popular titanate series. In half-doped layered titanates, the combi-
nation of two different types of Jahn-Teller motions opens a band gap and creates an
unusual charge and orbital ordering of the Ti d electrons. It is argued that this intrigu-
ingly intricate electronic network favours the elusive inter-site ferromagnetic ordering,
on the basis of intra-site Hund’s rules. Finally we find that the layered oxides are also
ferroelectric with a spontaneous polarization approaching that of BaTiO3. The con-
cepts are general and design principles of the technologically desirable ferromagnetic
ferroelectric multiferroics are presented.
Perovskite oxides exhibit a fascinating range
of physical properties, including ferroelectricity,
(anti)ferromagnetism (AFM), superconductivity and
magnetoresistance. This diverse behaviour is appealing
for both fundamental and applied investigations, and
has resulted in an intense global research effort over the
past few decades. Many of these functional properties
manifest due to the complex and subtle interplay be-
tween spin, charge, orbital and lattice degrees of freedom
in perovskites [1–4]. Of the perovskites, the doped
manganites have become a prototypical playground
for the study of this interplay. Just considering the
case of half-doping, i.e. A0.5R0.5MnO3 where A is a
divalent alkaline earth metal ion and R is a trivalent
rare earth ion, manganites exhibit a rich variety of
electronic phases. For example half-doped manganites
can display ferromagnetic (FM) or A-type AFM metallic
behaviour [5–7] or more commonly a CE-type AFM
Mott insulating phase [8, 9] associated with two different
charge orderings (Rocksalt [10] and Columnar [11]), and
two different orbital orderings (“ferro” and “antiferro”
Mn d eg orderings [12]). The preferred electronic phase
appears to be strongly dependent on the A and R
cation sizes and whether they appear disordered (such
as with Ca and La/Pr) or layered (such as for Ba and
La/Tb/Y [5, 10, 12]) in the crystal.
In this regard, it is interesting to compare the physics
of the half-doped manganites, with that of the half-doped
titanates. At the bulk level the A and R cations are
found to naturally disorder [13, 14] in the titanates, and
typically no charge and orbital ordered Mott insulating
phase is observed at half-doping [15]. An exception has
been recently discovered for the case of very small A-
cations, such as Ca0.5Lu0.5TiO3, where a rocksalt charge-
ordered and dxy t2g orbital-ordered Mott insulating phase
was recently proposed [16]. On the other hand, in layered
superlattices consisting of a repeating unit of k layers of
ATiO3 with l layers of RTiO3, exotic behaviour such as
an interface two-dimensional electron gas [17], which can
be ferromagnetic (FM) [18] and superconducting [19] has
been reported.
Here we consider half-doped titanates in short-period
[001] superlattice form (k=l=1) (see figure 1), which can
be artificially grown using modern layer-by-layer growth
techniques. This case resembles a bulk-like double per-
ovskite where every Ti ion shares the same mixed en-
vironment at odds with thicker superlattices. A care-
ful first principles investigation (see Methods) including
all possible degrees of freedom reveals an unexpected
ferromagnetic and ferroelectric insulating ground state.
The electronic structure exhibits an intricate orbital and
charge ordering which is argued to be at the heart of the
observed ferromagnetism. A symmetry lowering struc-
tural distortion enabling this particular orbital ordering
TABLE I: Key quantities for a selection of ATiO3-RTiO3 su-
perlattices including amplitude Q (A˚) of lattice distortions
(in-phase Φ+z and anti-phase Φ
−
xy AFD motions, polar mode
Pxy, Jahn-Teller mode appearing at the M -point of the cubic
Brillouin zone MJT , breathing Jahn-Teller BJT ), polariza-
tion, P (µC/cm2), band gap, ∆ (eV), and gain of energy for
FM vs AFM solution (see Methods) per 20-atom formula unit,
∆E (meV).
R, A Q P ∆ ∆E
Φ+z Φ
−
xy Pxy BJT MJT
Sm, Sr 0.96 1.19 0.56 0.10 0.04 14.9 0.46 20.1
Y, Sr 1.10 1.30 0.66 0.11 0.04 16.7 0.57 18.0
Tm, Sr 1.18 1.36 0.72 0.11 0.03 18.2 0.63 16.4
Sm, Ba 0.75 0.96 0.48 0.13 0.07 18.6 0.50 18.5
Y, Ba 0.95 1.08 0.59 0.14 0.07 21.2 0.60 13.9
Tm, Ba 1.05 1.16 0.65 0.16 0.07 23.4 0.66 10.5
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FIG. 1: (Color online) Superlattice geometry, major structural distortions, and resulting ferroelectric, charge and orbital
ordering. The ATiO3-RTiO3 digital superlattice 10-atom high symmetry tetragonal P4/mmm reference structure undergoes
two major structural distortions; AFD motions and a breathing Jahn-Teller distortion. The rocksalt arrangement of large
(blue) and small (grey) octahedral cages of the breathing Jahn-Teller are shown in the 20-atom cell. The AFD motions induce
ferroelectricity through a unique anharmonic coupling to an in-plane polar mode. The combination of the AFD motions and
breathing Jahn-Teller allows for an unusual charge and orbital ordering. Blue, grey, red and green spheres represent R, A, O
and Ti respectively. Distortion are exaggerated for illustrative purposes.
is also found to drive the ferroelectricity. The results
are found to be general across the whole ATiO3-RTiO3
(k=l=1) series, allowing for universal physical principles
to be rationalized and new multiferroic design guidelines
to be proposed. The subtle interplay between electronic
and structural degrees of freedom are compared with the
manganites and novel features are highlighted.
In order to unravel the unexpected ferroelectric and
ferromagnetic behaviour, we begin by focussing on the
atomic structure of the superlattice (see figure 1). In all
cases we find a P21 symmetry ground state that consists
of a complex combination of several lattice distortions
(see table I) of the high-symmetry (P4/mmm) cube-
on-cube double perovskite. Out of all the distortions,
the largest in amplitude are oxygen octahedral rota-
tions, both in-phase around the out-of-plane (z) axis, Φ+z ,
and anti-phase around the in-plane (x and y) axes, Φ−xy
(Φ−x + Φ
−
y ). These so-called antiferrodistortive (AFD)
motions are ubiquitous in perovskites, appearing through
steric effects described by the Goldschmidt tolerance fac-
tor [20]. The particular AFD pattern found here, a−a−c+
in Glazer’s notations [21], is the most common pattern
shown by perovskites [22], certainly with tolerance fac-
tors between 0.8-1.0, the case studied here. This partic-
ular AFD pattern is stabilised over others in simple bulk
perovskites through unique anharmonic couplings allow-
ing the subsequent appearance of anti-polar A-cation mo-
tions [23–25], located at the zone-boundary of the cubic
ABO3 Brillouin zone. In the ATiO3-RTiO3 digital super-
lattices, this A and R-cation motion transforms to the
zone-center, becoming polar in nature. The precise form
of the anharmonic coupling is trilinear, Φ+z Φ
−
xyPxy, which
is the signature of the so-called rotationally driven hybrid
improper ferroelectricity [26–28]. Indeed we calculate all
superlattices to exhibit spontaneous polarizations in the
range of 7-23 (µC/cm2) (see for example Table I), ap-
proaching that of BaTiO3 which is among the highest
reported in hybrid improper ferroelectrics. Since the Pxy
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FIG. 2: (Color online) Left: Total and Projected spin-polarized Density of States (DOS). The upper panel (red), and lower
panel (blue) correspond to up and down spins respectively. The vertical dashed line represents the Fermi level. The Projected
DOS in the inset compares the Ti1 dxz + Ti3 dyz (grey fine dashed lines) with the Ti2+4 dxz+yz (black dashed lines) DOS of
the spin-split off state. Right: Sketch of the resulting orbital ordering. Green spheres represent Ti sites.
mode has a “ferri”-like character of the A and R cation
motion (see figure 1), the large polarization is achieved by
maximising the mode polarity through choosing A and
R cations not only with asymmetric cation sizes [29] but
also here thanks to significantly distinct Born effective
charges (or valences in the simplest picture).
A necessary requirement of ferroelectricity is to be
electronically insulating, which is not a priori obvious
in these half-doped titanates. To achieve this a breath-
ing Jahn-Teller motion, which expands or contracts the
oxygen octahedra in nearest neighbour unit cells (see
figure 1), appears in the ground state (Table I). This
breathing distortion does not lift the degeneracy of the
t2g levels of the Ti atoms at the centre of each octahedra,
but does lift the degeneracy between Ti sites. This mo-
tion is hence an electronic Jahn-Teller instability, driven
to enable a d1-d0 charge ordering [47] , which helps to
render the superlattices insulating. The charge order-
ing mimics the rocksalt pattern, and hence appears at
the R-point (M -point) of the cubic (tetragonal) Brillouin
zone, maximising the distance between the more highly
charged d0 Ti4+ ions.
This charge ordered insulating state is indeed found,
as indicated through the spin-resolved density of states
as presented for the FM solution in figure 2. The states
near the Fermi level exhibit Ti d character, while the O
2p states appear deeper into the valence. A band gap sep-
arates an occupied spin-polarized “split-off” band from
the remaining unoccupied Ti d conduction band. This
“split-off” valence is found to consist of two bands with
the majority of weight located at two different Ti sites,
out of the four possible Ti sites in total in the 20-atom
unit cell (see figure 1). These two sites are surrounded by
the expanded oxygen octahedra, which we label the Ti d1
sites, as opposed to the two other Ti d0 sites surrounded
by a contracted oxygen octahedra. Interestingly the or-
bital occupation of the two d1 sites are different with one
showing dxz and the other dyz character. The resulting
orbital ordering corresponds to the same pattern, albeit
with half the sites empty, as that achieved through a
Jahn-Teller distortion appearing at the M -point of the
cubic Brillouin zone (MJT ). This lattice distortion is in-
deed observed in the ground state (see table I). In fact
it is found that the AFD motion themselves can achieve
this orbital ordering, in absence of the MJT , by lowering
the symmetry of the bulk (superlattice) cubic (tetrago-
nal) reference phase to orthorhombic (monoclinic). In-
deed, similarly to the improper appearance of the polar
A-cation motions, the AFD motions also drive the ap-
pearance of the MJT distortion through another trilin-
ear coupling, PxyΦ
−
xyMJT [30]. The fact that the AFD
motions produce the same orbital ordering as the MJT
distortion is simply a consequence of this symmetry re-
lation.
Interestingly, we find that the charge ordering is not
exactly the ideal case of d1-d0. Defining m as the magni-
tude of the local magnetic moment, we find a d(1−m)-dm
ordering, with a significant weight on the nominally d0
sites (0.11< m <0.18 depending on the A and R species),
displaying a mixed dxz-dyz character. The system re-
mains insulating despite this delocalised state, through
a strong hybridisation of the two occupied Ti d bands.
The resulting intricate and entangled charge and orbital
ordering is sketched in figure 2.
Having discussed the lattice, charge and orbital degrees
of freedom, and their coupling, we move to the final de-
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FIG. 3: (Color online) Left: Energy gain of FM compared to AFM state (see Methods) per 20-atom formula unit, ∆E, as
a function of the moment on the d0 sites, md0 . Inset: band gap ∆ vs md0 . The different points correspond to various
perturbations of the superlattice, including varying the A and R cation species, the on-site Coulomb repulsion U , and the
volume of the cell. Right: Simplified spin exchange diagram between nearest neighbour d1 sites (Ti1 and Ti3), via a d0 site
(Ti2). The curved arrows represent inter-site spin hopping through oxygen ions, and the dashed box represents intra-site
spin-exchange via Hund’s rules, in the case of dxz-dyz orbital ordering due to AFD motions, or Pauli’s exclusion principle, in
the case of dxy orbital ordering in the absence of AFD motions.
gree of freedom; spin. Various magnetic orderings (see
methods) were studied, and in all cases and chemistries
the ferromagnetic state was unexpectedly found to be the
lowest in energy. In an attempt to understand the ori-
gin of this rare insulating FM ground state, we observe
a universal trend across ATiO3-RTiO3 superlattices with
all A and R species and various applied perturbations.
This trend is shown in figure 3, where it is seen that
the energy difference between AFM and FM states, or
more simply the strength of the FM exchange, is clearly
strongly dependent on the spin density of d electrons on
the nominally d0 sites. Indeed, as the system tends to the
ideal charge ordering d1-d0, the FM and AFM energies
tend to equilibrate. Therefore, in this regime, the spins
on the two d1 sites are completely decoupled. However,
as the d0-site electrons become populated, the FM ex-
change strengthens. This key observation indicates that
the FM exchange mechanism relies on a real intra-site
spin exchange on the nominally d0 sites, rather than a
virtual direct exchange between d1 sites. We propose the
intra-site FM spin exchange as Hund’s rule (see figure 3).
To illustrate, we first note that by construction the spin
of the dxz (dyz) orbital on the nominally d
0 site equals
the spin of the dxz (dyz) orbital on the nearest neighbour
d1xz (d
1
yz) site. This rule can be rationalised either within
the hybridised band picture (figure 2 and supplementary
material), or within a localized orbital spin hopping pic-
ture (figure 3). Since the spins on the d0 orbitals dictate
those on the d1, and a density of spins on the d0 site
lowers the energy of the FM solution, the d0xz-d
0
yz intra-
site spin exchange is at the heart of the observed FM. In
the same spirit as Hund’s rule of maximum multiplicity,
which maximises the spin of an electron configuration of
an atom, a FM solution of the d0xz-d
0
yz spins becomes the
ground state. This rule minimises the intra-site Coulom-
bic energy. The FM solution relies on both kinetic and
Coulomb contributions, to delocalise the spin polarized
d1 electrons partially on the d0 sites, and to align the
d0 intra-site spins, respectively. In this regard, it resem-
bles a double (kinetic+Coulomb) exchange, even if in an
insulator. This FM mechanism in d0-d1 charge ordered
systems, which has been previously overlooked, extends
the list of di-dj charge orderings considered within the
Goodenough-Kanamori rules [8, 31, 32].
Intriguingly, when AFD motions are artificially ne-
glected the tetragonal symmetry can lead to an insulating
charge ordered state but now with dxy orbital ordering,
once an unrealistically large on-site Coulomb repulsion U
(> 7eV) is enforced [33]. We have reproduced this com-
puter experiment and find that the AFM solution now
becomes slightly favoured. This can again be understood
through the intra-site spin exchange on the nominally d0
sites (see figure 3). An anti-alignment of spins on the
intra-site d0xy-d
0
xy orbitals (and hence on the inter-site
d1xy-d
1
xy orbitals) is favoured from Pauli’s exclusion prin-
ciples - now that the same orbital (spacial coordinate)
is occupied, opposite electron spins are favoured. There-
fore the combination of charge ordering at the R-point,
via breathing Jahn-Teller motions, and orbital ordering
at the M -point, via AFD and MJT motions, of the cubic
Brillouin zone is key to realise the FM ground state.
We note the FM mechanism here is distinct from the
FM behaviour found in some RTiO3 bulk compounds (for
R from Gd to Yb). To illustrate, for example, we note
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the FM coupling becomes stronger as the A size decreases
and band gap [34] increases in bulk RTiO3 compounds.
This is seen through a transition from AFM to FM and
then a rise in FM TC with decreasing A size [35]. The
reverse trend is observed here, where the FM coupling
strengthens with increasing A cation size, and decreasing
band gap.
It is interesting finally to compare the FM solution of
the half-doped titanates, to the (A-type or E-type) AFM
solution of the half-doped manganites. The magnetic or-
dering is likely different due to the superexchange inter-
action in the manganites between the fully occupied core
t2g electrons on every Mn site. This superexchange path
is clearly cut-off by the rocksalt arrangement of d0 sites
in the titanates studied here. A FM insulating phase
of the manganites does exists for the specific case of
Pr1−xCaxMnO3 with doping x ≈ 0.2 [36–38], where a
FM exchange wins due to a particular eg orbital polaron
ordering [39], not completely dissimilar to the t2g case
here, using the Goodenough-Kanamori rules [8, 31, 32].
Having rationalized the key concepts underlying the
ferromagnetic and ferroelectric behaviour, we can pro-
pose some basic design rules and suggest alternative ma-
terials to achieve a similar multiferroic state. To en-
sure an insulating ground state, the smaller the A and R
cations the larger the band gap, consistent with the re-
cent observation of insulating Ca0.5Lu0.5TiO3 [16]. Max-
imising the ferroelectric polarisation can be achieved by
choosing the greatest asymmetry in both the born charge
and size of the A and R cations. Regarding ferromag-
netism, the exchange coupling constant J , and hence
the FM TC , increases the greater the delocalisation of
charges onto the nominally d0 sites which can be altered
with strain and A-site chemistry as shown in figure 3. It
could be interesting to test the same concepts on other
B-cations such as the 4d and 5d transition metals, d9-d10
systems such as the cuprates which can be viewed as a d1-
d0 hole charge ordering, or d6-d7 systems with ordering of
the single eg electron instead of the t2g in the titanates.
Here might expect a similar type of entangled charge and
orbital orderings leading to unexpected ferromagnetism,
and hope that this study might encourage the search for
related novel electronic phases within these systems.
METHODS
Unless stated otherwise in the main text results are
presented for the case of SmTiO3-SrTiO3. Here we de-
scribe a three-step first principles strategy for the ti-
tanate calculations. i) Initially hybrid functional calcula-
tions, using the B1WC functional [40] within the Crys-
tal code [41], were performed on bulk titanates (YTiO3,
LaTiO3, SrTiO3, BaTiO3) and compared with experi-
ment (see supp material). ii) Once verified on the bulk,
hybrid functional calculations were performed on sev-
eral representative RTiO3-ATiO3 superlattices. Ground
states were determined through condensing various lattice
instabilities and recalculating phonon frequencies. Band
gaps and FM and AFM energies were computed on the
ground states. iii) To make the calculations computa-
tionally tractable, and allow simulation of many more
chemistries, GGA+U calculations [42], using the PBEsol
functional [43] within the VASP code [44], were per-
formed on the relaxed hybrid superlattice ground state
structures. The on-site Coulomb repulsion U was fitted
to simultaneously reproduce the band gap and spin flip
energy of the hybrid functionals, and minimise atomic
forces (see supp material), with a value of U = 3.0 eV
found to be appropriate. This allowed for full structural
relaxation using GGA+U on a wide-range of RTiO3-
ATiO3 structures (R: La, Pr, Sm, Y, Tm, Lu. A: Sr, Ba,
Ca). All lattice vectors were fully relaxed. Small to mod-
erate in-plane strains resembling thin film epitaxy were
not found to alter the qualitative findings presented (see
supp material). Note we do not consider R f-electrons ex-
plicitly to simplify calculations and avoid a spurious mix-
ing with the Ti d orbitals, which is a reasonable approx-
imation since in practice the f-states should lie at much
higher energies [45]. For longer range AFM orderings
2×2×1, and 2
√
2×
√
2×1 40-atom supercells were relaxed
with all possible spin orderings considered, including the
CE-type. Unless stated otherwise the AFM ordering pre-
sented in the main text is the simplest allowed within the√
2×
√
2×1 20-atom cell.
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Appendix B: First-principles and Landau theory studies of SrTiO3
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1✇❡❡♥ ♦①②❣❡♥ ♠♦1✐♦♥% ❛♥❞ ♣♦❧❛0 ♠♦1✐♦♥% ♦❢ ❚✐ ❛❧♦♥❣ z
❛♥❞ ❛♥1✐✲♣♦❧❛0 ♠♦1✐♦♥% ♦❢ ❙0 ❛❧♦♥❣ xy✳ ❈♦♥❞❡♥%✐♥❣ 1❤✐%
♠♦❞❡✱ 1❤❡ %②♠♠❡10② ✐% ❧♦✇❡0❡❞ 1♦ Cc✳ ❋✉❧❧② 0❡❧❛①✐♥❣
✇✐1❤✐♥ 1❤❡ Cc %♣❛❝❡ ❣0♦✉♣✱ 1❤❡ ✜♥❛❧ ❣❛✐♥ ♦❢ ❡♥❡0❣② ✐%
♦❢ ✲✽✳✺✶ ♠❡❱✴❢✳✉✳ ❲✐1❤✐♥ 1❤✐% 0❡❧❛①❡❞ Cc ♣❤❛%❡✱ ✇❡ ❞✐❞
♥♦1 ✐❞❡♥1✐✜❡❞ ❛♥② ♣❤♦♥♦♥ ✐♥%1❛❜✐❧✐1②✳ ❆1 1❤❡ ●●❆✲❲❈
❧❡✈❡❧✱ 1❤❡ ❣0♦✉♥❞ %1❛1❡ ✐% 1❤❡0❡❢♦0❡ ♥♦ ♠♦0❡ 1❤❡ I4/mcm
♣❤❛%❡ ❜✉1 ❛♥ ✉♥❡①♣❡❝1❡❞ Cc ♣❤❛%❡✳ ❚❤❡ ❞✐✛❡0❡♥❝❡ ♦❢
❡♥❡0❣② ❜❡1✇❡❡♥ 1❤❡ I4/mcm ❛♥❞ Cc ♣❤❛%❡% ✐% ❤♦✇❡✈❡0
✈❡0② 1✐♥② ❛♥❞ ❜❡②♦♥❞ 1❤❡ ❡①♣❡❝1❡❞ ❛❝❝✉0❛❝② ♦❢ ♦✉0 ❝❛❧❝✉✲
❧❛1✐♦♥%✳ ❚❤✐% 0❡%✉❧1 ❤✐❣❤❧✐❣❤1% 1❤❡ ✐♥❝✐♣✐❡♥1 ❢❡00♦❡❧❡❝10✐❝
❝❤❛0❛❝1❡0 ♦❢ ❙0❚✐❖3 ❛♥❞ ✐% ❝♦♠♣❛1✐❜❧❡ ✇✐1❤ ✐1% D✉❛♥1✉♠
♣❛0❛❡❧❡❝10✐❝ ❝❤❛0❛❝1❡0✳
■♥ ♦0❞❡0 1♦ ❛♥1✐❝✐♣❛1❡ ❤♦✇ 1❤❡ ❣0♦✉♥❞ %1❛1❡ ♦❢ ❙0❚✐❖3
❝❛♥ ❜❡ ❛✛❡❝1❡❞ ❜② ♠❡❝❤❛♥✐❝❛❧ ❝♦♥%10❛✐♥1%✱ ✇❡ ♥♦✇ ❛♥❛✲
❧②③❡ ❤♦✇ 1❤❡ ❛♠♣❧✐1✉❞❡ ♦❢ 1❤❡ ♠♦%1 0❡❧❡✈❛♥1 ❋❊ ✐♥%1❛✲
❜✐❧✐1✐❡% ❛1 Γ ❛♥❞ ❆❋❉ ✐♥%1❛❜✐❧✐1✐❡% ❛1 R ♦❢ 1❤❡ 0❡❢❡0❡♥❝❡
♣❛0❛❡❧❡❝10✐❝ %10✉❝1✉0❡ ❛0❡ ❡✈♦❧✈✐♥❣ ✉♥❞❡0 ✉♥✐❛①✐❛❧ %10❛✐♥%✳
❋♦0 ❝♦♠♣❛0✐%♦♥✱ ✇❡ ❞✐❞ 1❤❡ %❛♠❡ ✐♥✈❡%1✐❣❛1✐♦♥ ❢♦0 ❜✐❛①✐❛❧
❛♥❞ ✐%♦10♦♣✐❝ %10❛✐♥%✳
❯♥❞❡0 ✐%♦10♦♣✐❝ %10❛✐♥✱ 1❤❡ ♣❛0❛❡❧❡❝10✐❝ 0❡❢❡0❡♥❝❡ 0❡✲
♠❛✐♥% ❝✉❜✐❝ ❛♥❞ ✇❡ ❝❛♥ ❞✐0❡❝1❧② ❢♦❧❧♦✇ 1❤❡ %10❛✐♥ ❡✈♦✲
❧✉1✐♦♥ ♦❢ 1❤❡ Γ4− ❛♥❞ R4+ ♠♦❞❡%✳ ❆♣♣❧②✐♥❣ ❛ ✉♥✐❛①✲
✐❛❧ %10❛✐♥ ❛❧♦♥❣ 1❤❡ z ❛①✐% ♦0 ❛ ❜✐❛①✐❛❧ %10❛✐♥ ❛❧♦♥❣ 1❤❡
x ❛♥❞ y ❛①✐%✱ 1❤❡ Pm3¯m %10✉❝1✉0❡ ❜❡❝♦♠❡% 1❡10❛❣♦♥❛❧
✭P4/mmm %②♠♠❡10②✮✳ ❚❤✐% %♣❧✐1% 1❤❡ 10✐♣❧② ❞❡❣❡♥❡0✲
❛1❡❞ Γ4− ✭F1u✮ ❋❊ ♠♦❞❡ ✐♥1♦ ❛ %✐♥❣❧❡ Γ
3−
✭A1✮ ♠♦❞❡
❛♥❞ ❛ ❞♦✉❜❧② ❞❡❣❡♥❡0❛1❡❞ Γ5− ✭E✮ ♠♦❞❡✱ ♣♦❧❛0✐③❡❞ 0❡✲
%♣❡❝1✐✈❡❧② ❛❧♦♥❣ c✲❛①✐% ❛♥❞ ♣❡0♣❡♥❞✐❝✉❧❛0❧② 1♦ ✐1✳ ❙✐♠✐✲
❧❛0❧② 1❤❡ 10✐♣❧② ❞❡❣❡♥❡0❛1❡❞ R4+ ❆❋❉ ♠♦❞❡ ✐% %♣❧✐1 ✐♥1♦ ❛
%✐♥❣❧❡ Az ♠♦❞❡ ❛♥❞ ❛ ❞♦✉❜❧② ❞❡❣❡♥❡0❛1❡❞ A ♠♦❞❡✱ ❝♦0✲
0❡%♣♦♥❞✐♥❣ 0❡%♣❡❝1✐✈❡❧② 1♦ ♦①②❣❡♥ 0♦1❛1✐♦♥% ❛❜♦✉1 1❤❡
z✲❛①✐% ♦0 ❛❜♦✉1 1❤❡ ① ♦0 ② ❛①✐% ❢♦0 1❤❡ ✉♥✐❛①✐❛❧ %10❛✐♥
❛♥❞ 1❤❡ ✈✐❝❡✲✈❡0%❛ ❢♦0 1❤❡ ❜✐❛①✐❛❧ %10❛✐♥✳ ❚❤❡ ❡✈♦❧✉1✐♦♥
♦❢ 1❤❡ ❢0❡D✉❡♥❝✐❡% ♦❢ 1❤❡%❡ ♠♦❞❡% ✇✐1❤ ✐%♦10♦♣✐❝✱ ❜✐❛①✐❛❧
❛♥❞ ✉♥✐❛①✐❛❧ %10❛✐♥% ❛0❡ 0❡♣♦01❡❞ ✐♥ ❋✐❣✳ ✹ ❛1 ❜♦1❤ ▲❉❆
❛♥❞ ●●❆ ✈♦❧✉♠❡✳
❆❧1❤♦✉❣❤ 1❤❡ ❆❋❉ ✐♥%1❛❜✐❧✐1② ❞♦♠✐♥❛1❡ ❛1 1❤❡ ❜✉❧❦
❧❡✈❡❧✱ 1❤❡ %✐1✉❛1✐♦♥ ❝❛♥ %10♦♥❣❧② ❡✈♦❧✈❡ ✇✐1❤ %10❛✐♥✳ ❆%
❣❡♥❡0❛❧ 0✉❧❡%✱ ✭✐✮ ❋❊ ❛♥❞ ❆❋❉ ✐♥%1❛❜✐❧✐1✐❡% ❛0❡ ♦♣♣♦%✐1❡❧②
❛✛❡❝1❡❞ ❜② %10❛✐♥ ❛♥❞ ✭✐✐✮ 1❤❡ ❋❊ ✐♥%1❛❜✐❧✐1② ✐% ♠♦0❡ ❛❢✲
❢❡❝1❡❞ 1❤❛♥ 1❤❡ ❆❋❉ ♦♥❡✳ ❋♦0 1❤❡ ✐%♦10♦♣✐❝ ❝❛%❡✱ 1❤❡ ❋❊
♠♦❞❡ ✭10✐♣❧② ❞❡❣❡♥❡0❛1❡✮ ✐% %10♦♥❣❧② ❞❡%1❛❜✐❧✐③❡❞ ✉♥❞❡0
1❡♥%✐❧❡ %10❛✐♥% ❛♥❞ ❆❋❉ ♠♦❞❡ ✭10✐♣❧② ❞❡❣❡♥❡0❛1❡✮ ✉♥✲
❞❡0 ❝♦♠♣0❡%%✐♦♥✳ ❯♥❞❡0 ❜✐❛①✐❛❧ %10❛✐♥✱ 1❤❡ Γ5− ✭0❡%♣✳
Γ3−✮ ♠♦❞❡ ✐% %10♦♥❣❧② ❞❡%1❛❜✐❧✐③❡❞ ✉♥❞❡0 1❡♥%✐♦♥ ✭0❡%♣✳
❝♦♠♣0❡%%✐♦♥✮✱ ❜❡❝♦♠✐♥❣ 1❤❡ ❞♦♠✐♥❛♥1 ✐♥%1❛❜✐❧✐1② ❛1 ❧❛0❣❡
%10❛✐♥%✳ ❯♥❞❡0 ✉♥✐❛①✐❛❧ %10❛✐♥✱ 1❤❡ %✐1✉❛1✐♦♥ ✐% ✈❡0② %✐♠✐✲
❧❛0 ❡①❝❡♣1 1❤❛1 Γ5− ✭0❡%♣✳ Γ3−✮ ♠♦❞❡ ✐% ♥♦✇ ❞❡%1❛❜✐❧✐③❡❞
✉♥❞❡0 ❝♦♠♣0❡%%✐♦♥ ✭0❡%♣✳ 1❡♥%✐♦♥✮✳ ▲❉❆ ❛♥❞ ●●❆✲❲❈
0❡♣0♦❞✉❝❡ ❣❧♦❜❛❧❧② 1❤❡ %❛♠❡ 10❡♥❞%✳ ❚❤❡%❡ 0❡%✉❧1% ❤✐❣❤✲
❧✐❣❤1 1❤❛1✱ %✐♠✐❧❛0❧② 1♦ ✇❤❛1 ❤❛% ❜❡❡♥ ♠❛❞❡ ✉♥❞❡0 ❜✐❛①✐❛❧
%10❛✐♥✱ ✉♥✐❛①✐❛❧ %10❛✐♥ ❝❛♥ %✇✐1❝❤ 1❤❡ ❤✐❡0❛0❝❤② ❜❡1✇❡❡♥
❆❋❉ ❛♥❞ ❋❊ ✐♥%1❛❜✐❧✐1✐❡% ❛♥❞ ❧✐❦❡❧② ♠❛❦❡ ❙0❚✐❖3 ❢❡00♦✲
❡❧❡❝10✐❝✳
■❱✳ ❯◆■❆❳■❆▲ ❙❚❘❆■◆
❆✳ ▲●❉ -❤❡♦1②
■♥ ♦0❞❡0 1♦ ❛❝❝❡%% 1❤❡ ♣❤❛%❡ ❞✐❛❣0❛♠% ♦❢ ❙0❚✐❖3 ✐♥
1❡0♠% ♦❢ ❞✐✛❡0❡♥1 1②♣❡% ♦❢ %10❛✐♥ ❛♥❞ 1❡♠♣❡0❛1✉0❡✱ ✇❡
%✇✐1❝❤ ♥♦✇ 1♦ ❛ ♣❤❡♥♦♠❡♥♦❧♦❣✐❝❛❧ ❞❡%❝0✐♣1✐♦♥ ✇✐1❤✐♥
▲●❉ 1❤❡♦0②✳ ■♥ ✈✐❡✇ ♦❢ 1❤❡ ♣0❡✈✐♦✉% ❞✐%❝✉%%✐♦♥✱ ✇❡
❛❞♦♣1❡❞ ❛ ♠♦❞❡❧ ✐♥❝❧✉❞✐♥❣ ❡①♣❧✐❝✐1❧② ❋❊ ✭♣♦❧❛0✐③❛1✐♦♥
❛♠♣❧✐1✉❞❡% Pi✮✱ ❆❋❉ ✭a
−
0♦1❛1✐♦♥ ❛♠♣❧✐1✉❞❡% qi✮ ❛♥❞
%10❛✐♥ ✭Si✮ ❞❡❣0❡❡% ♦❢ ❢0❡❡❞♦♠✱ ❛% ♣0❡✈✐♦✉%❧② ♣0♦♣♦%❡❞ ❜②
W❡01%❡✈ ❡1 ❛❧✳✱
✷✸
✳ ■♥ 1❤✐% ❢0❛♠❡✇♦0❦✱ 1❤❡ ❍❡❧♠❤♦❧1③ ❢0❡❡
❡♥❡0❣② ❞❡♥%✐1② F ✐♥ 1❡0♠% ♦❢ Pi✱ qi ❛♥❞ Si ✐% ✇0✐11❡♥ ❛% ✿
F = α1
(
P 21 + P
2
2 + P
2
3
)
+ α11
(
P 41 + P
4
2 + P
4
3
)
+ α12
(
P 21 P
2
2 + P
2
2 P
2
3 + P
2
1 P
2
3
)
+ β1
(
q21 + q
2
2 + q
2
3
)
+ β11
(
q41 + q
4
2 + q
4
3
)
+ β12
(
q21q
2
2 + q
2
2q
2
3 + q
2
1q
2
3
)
+
1
2
c11
(
S21 + S
2
2 + S
2
3
)
+ c12 (S1S2 + S2S3 + S1S3)
+
1
2
c44
(
S24 + S
2
5 + S
2
6
)
− g11
(
S1P
2
1 + S2P
2
2 + S3P
2
3
)
− g12
(
S1
(
P 22 + P
2
3
)
+ S2
(
P 21 + P
2
3
)
+ S3
(
P 21 + P
2
2
))
− g44 (S4P2P3 + S5P1P3 + S6P1P2)
− λ11
(
S1q
2
1 + S2q
2
2 + S3q
2
3
)
− λ12
(
S1
(
q22 + q
2
3
)
+ S2
(
q21 + q
2
3
)
+ S3
(
q21 + q
2
2
))
− λ44 (S4q2q3 + S5q1q3 + S6q1q2)
− t11
(
P1q
2
1 + P2q
2
2 + P3q
2
3
)
− t12
(
P1
(
q22 + q
2
3
)
+ P2
(
q21 + q
2
3
)
+ P3
(
q21 + q
2
2
))
− t44 (P1P2q1q2 + P2P3q2q3 + P1P3q1q3) ,
✇❤❡0❡ αi ❛♥❞ βi ❛0❡ 1❤❡ ❝♦❡✣❝✐❡♥1% ♦❢ 1❤❡ ❋❊ ❛♥❞ ❆❋❉
❡♥❡0❣② ✇❡❧❧%✱ cnl ❛0❡ 1❤❡ ❡❧❛%1✐❝ %1✐✛♥❡%%❡%✱ gnl ❛0❡ 1❤❡
❡❧❡❝10♦%10✐❝1✐✈❡ ❝♦♥%1❛♥1%✱ λnl ❞❡%❝0✐❜❡ 1❤❡ ❝♦✉♣❧✐♥❣ ❜❡✲
1✇❡❡♥ 1❤❡ %10❛✐♥ ❛♥❞ ❆❋❉ ♦①②❣❡♥ ♠♦1✐♦♥%✱ ❛♥❞ tnl ❞❡✜♥❡
1❤❡ ✐♥1❡0❛❝1✐♦♥ ❜❡1✇❡❡♥ 1❤❡ ♣♦❧❛0✐③❛1✐♦♥ ❛♥❞ ❆❋❉ ♦①②❣❡♥
♠♦1✐♦♥%✳ ❆% ✉%✉❛❧ ✐♥ %✉❝❤ ♣❤❡♥♦♠❡♥♦❧♦❣✐❝❛❧ ❛♣♣0♦❛❝❤✱
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α1 = 4.5 [coth(54/T )− coth(54/30)] 10−3
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♣❡0❛1✉0❡ ✉♥❞❡0 %♦♠❡ ✜①❡❞ ♠❡❝❤❛♥✐❝❛❧ ❝♦♥%10❛✐♥1%✳
■♥ ❝❛%❡ ♦❢ ✜①❡❞ ✐!♦#$♦♣✐❝ %10❛✐♥%✱ ✇❡ ❛%%✉♠❡ 1❤❛1 S1 =
S2 = S3✳ ❚❤❡♥ %❤❡❛0 %10❛✐♥% ✇❡0❡ ❛❧%♦ ✜①❡❞ 1♦ ③❡0♦✱
125
Appendix B: First-principles and Landau theory studies of SrTiO3
✺
-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06
-1.0x10
5
-8.0x10
4
-6.0x10
4
-4.0x10
4
-2.0x10
4
0.0
ω
2
 (
c
m
-2
)
η
xx =ηyy =ηzz
✭❛✮ ■$♦&'♦♣✐❝ $&'❛✐♥ ✭▲❉❆✮
-0.04 -0.02 0.00 0.02 0.04
-6x10
4
-5x10
4
-4x10
4
-3x10
4
-2x10
4
-1x10
4
0
ω
2
 (
c
m
-2
)
η
xx =ηyy =ηzz
✭❜✮ ■$♦&'♦♣✐❝ $&'❛✐♥ ✭●●❆✮
-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06
-1.0x10
5
-8.0x10
4
-6.0x10
4
-4.0x10
4
-2.0x10
4
0.0
ω
2
 (
c
m
-2
)
η
xx =ηyy 
✭❝✮ ❇✐❛①✐❛❧ $&'❛✐♥ ✭▲❉❆✮
-0.04 -0.02 0.00 0.02 0.04
-6.0x10
4
-4.0x10
4
-2.0x10
4
0.0
ω
2
(c
m
-2
)
η
xx =ηyy 
✭❞✮ ❇✐❛①✐❛❧ $&'❛✐♥ ✭●●❆✮
-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06
-1.0x10
5
-8.0x10
4
-6.0x10
4
-4.0x10
4
-2.0x10
4
0.0
ω
2
 (
c
m
-2
)
η
zz 
✭❡✮ ❯♥✐❛①✐❛❧ $&'❛✐♥ ✭▲❉❆✮
-0.04 -0.02 0.00 0.02 0.04
-6.0x10
4
-4.0x10
4
-2.0x10
4
0.0
ω
2
 (
c
m
-2
)
η
zz
✭❢✮ ❯♥✐❛①✐❛❧ $&'❛✐♥ ✭●●❆✮
❋■●✳ ✹✳ ✭❈♦❧♦) ❖♥❧✐♥❡✮ ❊✈♦❧✉2✐♦♥ ♦❢ 2❤❡ 56✉❛)❡ ♦❢ 2❤❡ ❢)❡6✉❡♥❝② ♦❢ 2❤❡ ❋❊ ❛♥❞ ❆❋❉ ♠♦❞❡5 ✉♥❞❡) ✐5♦2)♦♣✐❝✱ ❜✐❛①✐❛❧ ❛♥❞ ✉♥✐❛①✐❛❧
52)❛✐♥5 ✐♥ 2❤❡ ♣❛)❛❡❧❡❝2)✐❝ P4/mmm ♣❤❛5❡ ♦❢ ❙)❚✐❖3✱ ❛5 ♦❜2❛✐♥❡❞ ✇✐2❤✐♥ 2❤❡ ▲❉❆ ❛♥❞ ●●❆✲❲❈ ✈♦❧✉♠❡✳ ❍❡)❡✱ Γ
3−
✭❣)❡❡♥
2)✐❛♥❣❧❡5✮ ❛♥❞ Γ5− ✭)❡❞ ❝✐)❝❧❡5✮ ❛♥❞ ♦❢ 2❤❡ ❆❋❉ ♠♦❞❡5 A+3 ✭♣✉)♣❧❡ 56✉❛)❡5✮ ❛♥❞ A
+
5 ✭♦)❛♥❣❡ ❞✐❛♠♦♥❞5✮ ❢♦) ✭♣❛♥❡❧ ❝✱ ❞✱ ❡ ❛♥❞
❢✮✳ ❋♦) 2)✐♣❧② ❞❡❣❡♥❡)❛2❡ ❋❊ ♠♦❞❡5✱ Γ5− ♦) Γ3− ✐5 ✐♥❞✐❝❛2❡❞ ✐♥ ✭❣)❡❡♥ 2)✐❛♥❣❧❡5✮ ❛♥❞ 2)✐♣❧② ❞❡❣❡♥❡)❛2❡ ❆❋❉ ♠♦❞❡5 A+3 ♦) A
+
5 ✱
✐♥ ✭♦)❛♥❣❡ ❞✐❛♠♦♥❞5✮ ✭♣❛♥❡❧ ❛ ❛♥❞ ❜✮✳
126
Appendix B: First-principles and Landau theory studies of SrTiO3
✻
❋■●✳ ✺✳ %❤❛(❡ ❞✐❛❣-❛♠ ♦❢ ❙-❚✐❖3 ✉♥❞❡- ✐(♦6-♦♣✐❝ ✭♣❛♥❡❧ ❛✮✱
❜✐❛①✐❛❧ ✭♣❛♥❡❧ ❜✮ ❛♥❞ ✉♥✐❛①✐❛❧ (6-❛✐♥( ✭♣❛♥❡❧ ❝✮ ✉(✐♥❣ ▲●❉
6❤❡♦-②✳
❛❧#❤♦✉❣❤ ✇❡ ❡①♣❧✐❝✐#❧② ❝❤❡❝❦❡❞ #❤❛# 1❡❧❛①✐♥❣ #❤❡♠ ✐4 ♥♦#
♣❧❛②✐♥❣ ❛♥② 4✐❣♥✐✜❝❛♥# 1♦❧❡✳ ❚❤✐4 ❝♦11❡4♣♦♥❞4 #♦
S1 = S2 = S3 = Sm =
a∗ − a0
a0
S4 = S5 = S6 = 0
❚❤❡ ♣❤❛4❡ ❞✐❛❣1❛♠ ✐4 1❡♣♦1#❡❞ ❛♥❞ ✐♥ ❋✐❣✳ ✺✭❛✮✳ ■# ✐4
❝♦♥4✐4#❡♥# ✇✐#❤ #❤❡ ❡✈♦❧✉#✐♦♥ ♦❢ #❤❡ ♣❤♦♥♦♥ ❢1❡?✉❡♥❝✐❡4
♣1❡✈✐♦✉4❧② ❞✐4❝✉44❡❞✱ ❤✐❣❤❧✐❣❤#✐♥❣ ❛ ♣✉1❡❧② ❋❊ ❣1♦✉♥❞
4#❛#❡ ✉♥❞❡1 #❡♥4✐♦♥ ❛♥❞ ❛ ♣✉1❡❧② ❆❋❉ ❣1♦✉♥❞ 4#❛#❡ ✉♥❞❡1
❝♦♠♣1❡44✐♦♥✳
■♥ #❤❡ ❝❛4❡ ♦❢ ✜①❡❞ ❜✐❛①✐❛❧ 4#1❛✐♥4 ✐♠♣♦4❡❞ ✐♥ #❤❡ x
❛♥❞ y ❞✐1❡❝#✐♦♥4✱ ♠✐♠✐❝❦✐♥❣ #❤❡ ❡♣✐#❛①✐❛❧ 4#1❛✐♥ ✐♠♣♦4❡❞
#♦ #❤✐♥ ✜❧♠4 ❜② ❛ ❝✉❜✐❝ 4✉❜4#1❛#❡ ✭✜①✐♥❣ S1✱ S2 ❛♥❞ S6✮✱
✇❡ ❤❛✈❡ ♠✐①❡❞ ♠❡❝❤❛♥✐❝❛❧ ❜♦✉♥❞❛1② ❝♦♥❞✐#✐♦♥4 ❝♦11❡✲
4♣♦♥❞✐♥❣ #♦ ✿
S1 = S2 = Sm =
a∗ − a0
a0
, S6 = 0
δF
δS3
=
δF
δS4
=
δF
δS5
= 0
■♥ ♦✉1 ❝❛❧❝✉❧❛#✐♦♥4✱ ✇❡ ♥❡❣❧❡❝# #❤❡ ♣♦44✐❜❧❡ ❛♣♣❡❛1❛♥❝❡
♦❢ ❛ ❞❡♣♦❧❛1✐③✐♥❣ ✜❡❧❞ ❛❧♦♥❣ z✱ ✇❤✐❝❤ ❝♦11❡4♣♦♥❞4 #♦ #❤❡
❝❛4❡ ❛ ❛ 1❡❧❛#✐✈❡❧② #❤✐❝❦ ✜❧♠ ❜❡#✇❡❡♥ ♠❡#❛❧❧✐❝ ❡❧❡❝#1♦❞❡4
✐♥ 4❤♦1#✲❝✐1❝✉✐#✳ ❚❤❡ ♣❤❛4❡ ❞✐❛❣1❛♠ 1❡♣♦1#❡❞ ✐♥ ❋✐❣✳ ✺✭❜✮
❝♦11❡4♣♦♥❞4 #♦ #❤❛# ♣1❡✈✐♦✉4❧② 1❡♣♦1#❡❞ ❜② H❡1#4❡✈ ❡#
❛❧✳
✷✸
✳ ❆# 4♠❛❧❧ 4#1❛✐♥4✱ ❞✐✛❡1❡♥# ❆❋❉ #✐❧# ♣❛##❡1♥4 ❝❛♥
❜❡ ♦❜4❡1✈❡❞ ✇❤✐❧❡ ❋❊ ❞✐4#♦1#✐♦♥ ❛♣♣❡❛14 ❛# ✐♥❝1❡❛4✐♥❣
4#1❛✐♥4✳ ■# ❝♦♥✜1♠4 #❤❛# ❙1❚✐❖3 ❝❛♥ ❜❡ ♠❛❞❡ ❋❊ ❛# 1♦♦♠
#❡♠♣❡1❛#✉1❡ ✉♥❞❡1 ❜♦#❤ ♠♦❞❡1❛#❡ #❡♥4✐❧❡ ❛♥❞ ❝♦♠♣1❡4✲
4✐✈❡ ❡♣✐#❛①✐❛❧ 4#1❛✐♥4✳ ❚❤✐4 ✐4 ❛❣❛✐♥ ❝♦♥4✐4#❡♥# ✇✐#❤ #❤❡
❢❛❝# #❤❛# ❋❊ ♣❤♦♥♦♥ ✐♥4#❛❜✐❧✐#✐❡4 ❜❡❝♦♠❡ ❞♦♠✐♥❛♥# ❛4
4#1❛✐♥ ✐♥❝1❡❛4❡4✳ ❆4 ❤✐❣❤❧✐❣❤#❡❞ ✐♥ #❤❡ ♣1❡✈✐♦✉4 ❙❡❝#✐♦♥✱
❧❛1❣❡ ❜✐❛①✐❛❧ 4#1❛✐♥4 ❞♦ ❤♦✇❡✈❡1 ♥♦# 4✉♣♣1❡44 ❛❧❧ ❆❋❉
✐♥4#❛❜✐❧✐#✐❡4 4♦ #❤❛# ♣❤❛4❡4 ❝♦♠❜✐♥✐♥❣ ❋❊ ❛♥❞ ❆❋❉ ❞✐4✲
#♦1#✐♦♥4 ❛1❡ ♦❜4❡1✈❡❞ ❛# ❧♦✇❡1 #❡♠♣❡1❛#✉1❡✳
■♥ ❝❛4❡ ♦❢ ✜①❡❞ ✉♥✐❛①✐❛❧ 4#1❛✐♥ ❛♣♣❧✐❡❞ ❛❧♦♥❣ #❤❡ z ❛①✐4✱
♦♥❧② S3 ✐4 ✜①❡❞ ✇❤✐❧❡ ❛❧❧ ♦#❤❡1 4#1❛✐♥ ❝♦♠♣♦♥❡♥#4 ❛1❡ ❢1❡❡
#♦ 1❡❧❛① ✿
S1 = Sm =
a∗ − a0
a0
δF
δS2
=
δF
δS3
=
δF
δS4
=
δF
δS5
=
δF
δS6
= 0
❚❤❡ ♣❤❛4❡ ❞✐❛❣1❛♠ ♦❜#❛✐♥❡❞ ✉♥❞❡1 ✉♥✐❛①✐❛❧ 4#1❛✐♥ ✐4 1❡✲
♣♦1#❡❞ ✐♥ ❋✐❣✳ ✺✭❝✮✳ ■# ♣1❡4❡♥# ❝❧♦4❡ 4✐♠✐❧❛1✐#✐❡4 ✇✐#❤ #❤❛#
♦❜4❡1✈❡❞ ✉♥❞❡1 ❜✐❛①✐❛❧ 4#1❛✐♥4✱ #❤❡ ♣❤❛4❡4 4#❛❜✐❧✐③❡❞ ✉♥✲
❞❡1 ❝♦♠♣1❡44✐♦♥ ❜❡✐♥❣ ♥♦✇ ♦❜4❡1✈❡❞ ✉♥❞❡1 #❡♥4✐♦♥ ❛♥❞
✈✐❝❡ ✈❡*+❛✳ ❲❡ ♦❜4❡1✈❡ #❤❛# ❛ ✈❡1② ♠♦❞❡1❛#❡ #❡♥4✐❧❡ ✉♥✐✲
❛①✐❛❧ 4#1❛✐♥ ❝❛♥ ♠❛❦❡ ❙1❚✐❖3 ❢❡11♦❡❧❡❝#1✐❝ ❛# 1♦♦♠ #❡♠✲
♣❡1❛#✉1❡✱ ✇❤✐❧❡ ❞♦✐♥❣ 4♦ ✉♥❞❡1 ❝♦♠♣1❡44✐♦♥ ✇♦✉❧❞ 1❡?✉✐1❡
❛ ♠✉❝❤ ❧❛1❣❡1 4#1❛✐♥✳ ❆# ❧♦✇ #❡♠♣❡1❛#✉1❡4✱ #❤❡ 4②4#❡♠
✐4 ❡①♣❡❝#❡❞ #♦ ❣♦ #❤1♦✉❣❤ ❛ 4❡?✉❡♥❝❡ ♦❢ ♠❛♥② ❞✐✛❡1❡♥#
♣❤❛4❡ #1❛♥4✐#✐♦♥4 ✇❤❡♥ #❤❡ 4#1❛✐♥ ❡✈♦❧✈❡4 ❢1♦♠ ✰✹ #♦ ✲✹
✪✱ ❛4 ❛❧4♦ 4✉♠♠❛1✐③❡❞ ✐♥ ❋✐❣✳✻✳ ❯♥❞❡1 #❡♥4✐♦♥✱ ❙1❚✐❖3
❝♦♠❜✐♥❡4 ❋❊ ❛♥❞ ❆❋❉ ♠♦#✐♦♥4 ❛❧♦♥❣ z ❛①✐4✳ ❲❤❡♥
#❤❡ 4#1❛✐♥ ✐4 1❡❞✉❝❡❞✱ #❤❡ ❋❊ ❞✐4#♦1#✐♦♥ ✜14# ❞✐4❛♣♣❡❛14✳
❚❤❡♥ ✉♥❞❡1 ❝♦♠♣1❡44✐♦♥✱ #❤❡ ❆❋❉ ♠♦#✐♦♥ 4✇✐#❝❤❡4 ❢1♦♠
1♦#❛#✐♦♥4 ❛1♦✉♥❞ #❤❡ z #♦ #❤❡ x ✭♦1 y✮ ❛①✐4 ❛♥❞✱ ❧❛#❡1✱ ❛
♣♦❧❛1✐③❛#✐♦♥ ❛❞❞✐#✐♦♥❛❧❧② ❛♣♣❡❛14 ❛❧♦♥❣ x✳ H1♦❣1❡44✐✈❡❧②
✇❤❡♥ ❝♦♠♣1❡44✐✈❡ 4#1❛✐♥4 ❝♦♥#✐♥✉❡ #♦ ✐♥❝1❡❛4❡✱ ❋❊ ❛♥❞
❆❋❉ ♠♦#✐♦♥4 1♦#❛#❡4 ❢1♦♠ x #♦ xy ❞✐1❡❝#✐♦♥✳ ❙♦♠❡ ♦❢
#❤❡4❡ ♣❤❛4❡4 ❛1❡ 4#❛❜❧❡ ✐♥ ❛ ✈❡1② ♥❛11♦✇ 1❛♥❣❡ ♦❢ 4#1❛✐♥4✳
❋✐"#$✲♣"✐♥❝✐♣❧❡# ❝❛❧❝✉❧❛$✐♦♥#
▲●❉ #❤❡♦1② ♣1❡❞✐❝#4 ❛ 1✐❝❤ ❛♥❞ ❝♦♠♣❧❡① ♣❤❛4❡ ❞✐❛❣1❛♠
❢♦1 ❙1❚✐❖3 ✉♥❞❡1 ✉♥✐❛①✐❛❧ 4#1❛✐♥✳ ■# ✐4 ✐♥#❡1❡4#✐♥❣ #♦ ❝❤❡❝❦
❤♦✇ #❤❡ 4❡?✉❡♥❝❡ ♦❢ ♣❤❛4❡ #1❛♥4✐#✐♦♥ ❡①♣❡❝#❡❞ ❛# ❧♦✇
#❡♠♣❡1❛#✉1❡ ✐4 ✈❛❧✐❞❛#❡❞ ❜② ✜14#✲♣1✐♥❝✐♣❧❡4 ❝❛❧❝✉❧❛#✐♦♥4
❛# #❤❡ ▲❉❆ ❛♥❞ ●●❆✲❲❈ ❧❡✈❡❧4✳ ❚♦ #❤❛# ❡♥❞✱ ✇❡ ❤❛✈❡
❝♦♠♣❛1❡❞ #❤❡ ❡♥❡1❣❡#✐❝4 ♦❢ ✈❛1✐♦✉4 ❞✐✛❡1❡♥# ♣❤❛4❡4 ❛#
127
Appendix B: First-principles and Landau theory studies of SrTiO3
✼
!❡❧❡❝%❡❞ !%'❛✐♥!✳ ❚❤❡ '❡!✉❧%! ❛'❡ !✉♠♠❛'✐③❡❞ ✐♥ ❋✐❣✳✻✳
❋♦' ❡❛❝❤ !%'❛✐♥✱ ✇❡ '❡♣♦'% %❤❡ ❣'♦✉♥❞ !%❛%❡ ✐❞❡♥%✐✜❡❞
✇✐%❤ ❡❛❝❤ ❢✉♥❝%✐♦♥❛❧✳ ■♥ ❝❛!❡! ✇❤❡'❡ ❞✐✛❡'❡♥% ♣❤❛!❡! ❛'❡
✈❡'② ❝❧♦!❡ ✐♥ ❡♥❡'❣② ✭❞✐✛❡'❡♥❝❡ ♦❢ ❡♥❡'❣② ♦❢ %❤❡ ♦'❞❡' ♦❢
✶ ♠❡❱ ♦' ❧♦✇❡'✮✱ ❛❧❧ ♦❢ %❤❡♠ ❛'❡ ♠❡♥%✐♦♥❡❞✳
a0a0c−P
P3, q3
a0a0c−
q3
a−b0c0
q1
a−Pa
0c0
P1,q1
a−Pb
−
P c
0a−Pa
−
P c
0
P1 = q1 P1 6= q1
LDA
GGA
LANDAU
-4 -3 -2 -1 -0.5 0 0.5 1 2
-10 -9.73 -7 -6 -4 -2.21 -2 -1 -0.5 0 1 1.2 2 3 4
q1 = q2 q1 6= q2
-4 -2 −0.01 −0.002 0 0.002
❋■●✳ ✻✳ %❤❛(❡ ❞✐❛❣-❛♠ ♦❢ ❙-❚✐❖3 ✉♥❞❡- ✉♥✐❛①✐❛❧ (8-❛✐♥ ✇✐8❤
▲❉❆ ✭♣❛♥❡❧ ❛✮✱ ●●❆ ✭♣❛♥❡❧ ❜✮ ❛♥❞ ▲●❉ 8❤❡♦-② ✭♣❛♥❡❧ ❝✮✳
❚❤❡ ▲❉❆ '❡♣'♦❞✉❝❡! E✉❛❧✐%❛%✐✈❡❧② %❤❡ ♣❤❛!❡ ♣'❡❞✐❝%❡❞
❛% %❤❡ ▲❛♥❞❛✉ ❧❡✈❡❧✳ ❍♦✇❡✈❡' ✐% !✐❣♥✐✜❝❛♥%❧② ❜'♦❛❞❡♥!
%❤❡ '❛♥❣❡ ♦❢ !%❛❜✐❧✐%② ♦❢ %❤❡ a−b0c0 ❛♥❞ a0a0c− ♣❤❛!❡!✳
❙%✐❧❧✱ %❤❡ a−P a
−
P c
0
❛♥❞ a0a0c−P ♣❤❛!❡! ❛♣♣❡❛'! ✉♥❞❡' ❝♦♠✲
♣'❡!!✐♦♥ ❛♥❞ %❡♥!✐♦♥ '❡!♣❡❝%✐✈❡❧② ❜✉% ❛% ♠✉❝❤ ❧❛'❣❡'
!%'❛✐♥! %❤❛♥ ♣'❡❞✐❝%❡❞ ❢'♦♠ ▲❛♥❞❛✉ %❤❡♦'②✳ ❚❤✐! ✐! ❛
❞✐'❡❝% ❝♦♥!❡E✉❡♥❝❡ ♦❢ %❤❡ ❧♦✇❡' ✈♦❧✉♠❡ ♦❜%❛✐♥❡❞ ✐♥ ▲❉❆
%❤❛%✱ ❛! ♣'❡✈✐♦✉!❧② ❞✐!❝✉!!❡❞✱ %❡♥❞! %♦ !✉♣♣'❡!! %❤❡ ❢❡'✲
'♦❡❧❡❝%'✐❝ ✐♥!%❛❜✐❧✐%②✳
❆% %❤❡ ♦♣♣♦!✐%❡✱ %❤❡ ●●❆✲❲❈ ❝❛❧❝✉❧❛%✐♦♥! %❡♥❞! %♦
❜'♦❛❞❡♥ %❤❡ '❛♥❣❡ ♦❢ !%❛❜✐❧✐%② ♦❢ %❤❡ a−P a
−
P c
0
❛♥❞ a0a0c−P
♣❤❛!❡!✳ ❇❡%✇❡❡♥ %❤❡ '❛♥❣❡ ♦❢ !%❛❜✐❧✐%② ♦❢ %❤❡!❡ %✇♦
♣❤❛!❡!✱ %❤❡'❡ ✐! ❛ ♥❛''♦✇ '❡❣✐♦♥ ✐♥ ✇❤✐❝❤ ♠❛♥② ♣❤❛!❡!
❛'❡ ✐♥ ❝❧♦!❡ ❝♦♠♣❡%✐%✐♦♥✳ ❚❤❡ ❞✐✛❡'❡♥❝❡ ♦❢ ❡♥❡'❣② ❜❡✲
%✇❡❡♥ %❤♦!❡ ♣❤❛!❡! ✐! ❤♦✇❡✈❡' !♦ !♠❛❧❧ ✭❧♦✇❡' %❤❛♥ ✶
♠❡❱✮ %❤❛% ✐% ✐! ♥♦% ♣♦!!✐❜❧❡ %♦ ✉♥❛♠❜✐❣✉♦✉!❧② ❞❡%❡'♠✐♥❡
%❤❡ !❡E✉❡♥❝❡ ♦❢ ♣❤❛!❡ %'❛♥!✐%✐♦♥ ❛♥❞ ❧✐♠✐%! ❜❡%✇❡❡♥ %❤❡
❞✐✛❡'❡♥% ♣❤❛!❡!✳ ❆! ✐❧❧✉!%'❛%❡❞ ✐♥ ❋✐❣✳ ✼✱ ✐♥ %❤❡ !%'❛✐♥
'❛♥❣❡ ♦❢ ❛❜♦✉% ✲✶✪✱ ❛ ♣❤❛!❡ ✇✐%❤ ❞✐✛❡'❡♥% ❛♠♣❧✐%✉❞❡ ♦❢
♦①②❣❡♥ ❆❋❉ '♦%❛%✐♦♥! ❛'♦✉♥❞ %❤❡ x ❛♥❞ y ❛①✐! ❝❛♥ ❜❡
!%❛❜✐❧✐③❡❞✱ ❝♦♥✜'♠✐♥❣ ✇❤❛% ✐! ♣'❡❞✐❝%❡❞ ❛% %❤❡ ▲●❉ ❧❡✈❡❧✳
❚❤❡ !❛♠❡ ✐! ♦❜%❛✐♥❡❞ ❛% %❤❡ ▲❉❆ ❧❡✈❡❧ ❜✉% ❛% ♠✉❝❤ ❧❛'❣❡'
!%'❛✐♥!✳ ❖✈❡'❛❧❧✱ %❤❡ ●●❆✲❲❈ ❝❛❧❝✉❧❛%✐♦♥ ✐! %❤❡'❡❢♦'❡ ✐♥
❝❧♦!❡ ❛❣'❡❡♠❡♥% ✇✐%❤ %❤❡ ▲●❉ ❝❛❧❝✉❧❛%✐♦♥! ❛♥❞ ❝♦♥✜'♠!
%❤❡ ♠❛✐♥ ❢❡❛%✉'❡! ♦❢ %❤❡ ♣❤❛!❡ ❞✐❛❣'❛♠ ♦❜%❛✐♥❡❞ ❛% %❤❛%
♣❤❡♥♦♠❡♥♦❧♦❣✐❝❛❧ ❧❡✈❡❧✳
-10 -9 -8 -7 -6
2
4
6
8
10
η
zz
 (%)



	











Φ


-4.0 -3.5 -3.0 -2.5 -2.0 -1.5 -1.0
1
2
3
4
5
6



	










Φ


η
zz
 (%)
❋■●✳ ✼✳ ✭❈♦❧♦- ❖♥❧✐♥❡✮ ❊✈♦❧✉8✐♦♥ ♦❢ -♦8❛8✐♦♥❛❧ ❛♥❣❧❡( ♦❢ Ima2
❛♥❞ Cm ♣❤❛(❡ ♦❢ ❙-❚✐❖3 ✇✐8❤ ▲❉❆ ✭♣❛♥❡❧ ❛✮ ❛♥❞ ●●❆ ✭♣❛♥❡❧
❜✮ ✉♥❞❡- ❝♦♠♣-❡((✐✈❡ (8-❛✐♥(✳ ●-❡❡♥ (♦❧✐❞ ❝✐-❝❧❡( ❛♥❞ ♦♣❡♥
❝✐-❝❧❡( ✐♥❞✐❝❛8❡( a− ❛♥❞ b− -♦8❛8✐♦♥❛❧ ❛♥❣❧❡( ♦❢ Cm ♣❤❛(❡
❛♥❞ ❜❧✉❡ (♦❧✐❞ ❝✐-❝❧❡( ✐♥❞✐❛8❡( a− ❛♥❣❧❡( ♦❢ Ima2 ♣❤❛(❡✳
❱✳ ❈❖◆❈▲❯❙■❖◆❙
■♥ %❤✐! ✇♦'❦✱ ✇❡ ❤❛✈❡ ✐♥✈❡!%✐❣❛%❡❞ %❤❡ '♦❧❡ ♦❢ ✉♥✐❛①✐❛❧
!%'❛✐♥ ♦♥ %❤❡ ❋❊ ❛♥❞ ❆❋❉ ✐♥!%❛❜✐❧✐%✐❡! ♦❢ ❙'❚✐❖3✱ ♠❛❦✲
✐♥❣ ❡①♣❧✐❝✐% ❝♦♠♣❛'✐!♦♥ ✇✐%❤ %❤❡ ❝❛!❡! ♦❢ ✐!♦%'♦♣✐❝ ❛♥❞
❜✐❛①✐❛❧ !%'❛✐♥!✳ ❚❤❡ ♣❤❛!❡ ❞✐❛❣'❛♠ ✐♥ %❡'♠! ♦❢ ✉♥✐❛①✐❛❧
!%'❛✐♥ ❛♠♣❧✐%✉❞❡ ❛♥❞ %❡♠♣❡'❛%✉'❡ ❤❛! ❜❡❡♥ ♦❜%❛✐♥❡❞ ✐♥
%❤❡ ❝♦♥%❡①% ♦❢ ▲●❉ ♣❤❡♥♦♠❡♥♦❧♦❣✐❝❛❧ %❤❡♦'②✱ ❛♥❞ ❝♦♥✲
✜'♠❡❞ ❢'♦♠ ✜'!%✲♣'✐♥❝✐♣❧❡! ❝❛❧❝✉❧❛%✐♦♥!✳ ❲❡ ♣'❡❞✐❝% ❛
'✐❝❤ ♣❤❛!❡ ❞✐❛❣'❛♠✱ ✐♥❝❧✉❞✐♥❣ ♣❤❛!❡! ❝♦♠❜✐♥✐♥❣ ❋❊ ❛♥❞
128
Appendix B: First-principles and Landau theory studies of SrTiO3
✽
❆❋❉ ♠♦&✐♦♥) ❛♥❞ ♣-❡)❡♥&✐♥❣ )♦♠❡ ❝❧♦)❡ )✐♠✐❧❛-✐&✐❡) ✇✐&❤
&❤❛& ♦❜&❛✐♥❡❞ ✉♥❞❡- ❜✐❛①✐❛❧ )&-❛✐♥)✳ ■♥ ♣❛-&✐❝✉❧❛-✱ ✇❡
♣-❡❞✐❝& &❤❛& ❙-❚✐❖3 ❝♦✉❧❞ ❡❛)✐❧② ❜❡ ♠❛❞❡ ❢❡--♦❡❧❡❝&-✐❝
✉♥❞❡- ♠♦❞❡-❛&❡ ✉♥✐❛①✐❛❧ &❡♥)✐❧❡ )&-❛✐♥)✱ ❛ ❢❡❛&✉-❡ &❤❛&✱
✇❡ ❤♦♣❡✱ ❝❛♥ ❜❡ ❢✉-&❤❡- ❝♦♥✜-♠❡❞ ❡①♣❡-✐♠❡♥&❛❧❧②✳
❆❈❑◆❖❲▲❊❉●▼❊◆❚❙
❚❤✐) ✇♦-❦ ✇❛) )✉♣♣♦-&❡❞ ❜② ●-❡♥♦❜❧❡ ■◆C ❢✉♥❞❡❞ ❜②
■❉❙✲❋✉♥▼❛&✱ ❛♥ ■♥&❡-♥❛&✐♦♥❛❧ ❉♦❝&♦-❛❧ C-♦❣-❛♠♠❡ ✐♥
❋✉♥❝&✐♦♥❛❧ ▼❛&❡-✐❛❧)✳ ❆❞❞✐&✐♦♥❛❧ ✜♥❛♥❝✐❛❧ )✉♣♣♦-& ❤❛)
❜❡❡♥ ♣-♦✈✐❞❡❞ ❜② &❤❡ ●❛❜-✐❡❧ ▲✐♣♣♠❛♥♥ C✉❜❧✐❝ ❘❡)❡❛-❝❤
❈❡♥&❡- ✭▲✉①❡♠❜♦✉-❣✮✱ &❤-♦✉❣❤ &❤❡ ◆❛&✐♦♥❛❧ ❘❡)❡❛-❝❤
❋✉♥❞✱ ▲✉①❡♠❜♦✉-❣ ✭❋◆❘✴C✶✷✴✹✽✺✸✶✺✺✴❑-❡✐)❡❧✮ ❛♥❞ &❤❡
❯♥✐✈❡-)✐&② ♦❢ ▲✐T❣❡ ✭❇❡❧❣✐✉♠✮ &❤-♦✉❣❤ &❤❡ ❆❘❈ ♣-♦❥❡❝&
❚❤❡▼♦❚❤❡-♠✳ C❤✳●✳ ❛❝❦♥♦✇❧❡❞❣❡) ❛ ❘❡)❡❛-❝❤ C-♦❢❡)✲
)♦-)❤✐♣ ❢-♦♠ &❤❡ ❋-❛♥❝W✉✐ ❋♦✉♥❞❛&✐♦♥✳
❆◆◆❊❳
❚❤✐) ❛♥♥❡① -❡♣♦-&) &❤❡ ✈❛❧✉❡) ♦❢ ❞✐✛❡-❡♥& ♣❤❛)❡) ♦❢
❙-❚✐O3 ✉♥❞❡- &❡♥)✐❧❡ ❛♥❞ ❝♦♠♣-❡))✐✈❡ )&-❛✐♥)✳ ❚❛❜❧❡✳ ■■
❛♥❞ ❚❛❜❧❡✳ ■■■ ❛-❡ &❤❡ ✐♥♣✉& ❢♦- &❤❡ ✉♥✐❛①✐❛❧ ❝♦♠♣-❡))✐✈❡
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Strain Space
groupNo.
Glazer′s
notation
DeltaE
(meV/f.u.)
Rx Ry Rz
✵% Ima2 ❛−+❛
−
+❝
0
✲✽✳✷✻ ✸✳✼✼ ✸✳✼✼ ✵
Fmmm ❛−❛0❝0 ✲✽✳✶✵ ✺✳✺✼ ✵ ✵
Cm ❛−+❜
−
+❝
0
✲✽✳✹✹ ✷✳✷✺ ✹✳✼✼ ✵
Fmm2 ❛−+❛
0
❝
0
✲✽✳✷✻ ✺✳✺✶ ✵ ✵
■✹/mcm ❛0❛0❝− ✲✺✳✼✼ ✵ ✵ ✺✳✶✵
✲✵✳✺% Ima2 ❛−+❛
−
+❝
0
✲✼✳✷✺ ✸✳✾✺ ✸✳✾✺ ✵
Fmmm ❛−❛0❝0 ✲✻✳✼✷ ✺✳✾✵ ✵ ✵
Cm ❛−+❜
−
+❝
0
✲✼✳✹✶ ✷✳✵✼ ✺✳✷✶ ✵
Fmm2 ❛−+❛
0
❝
0
✲✼✳✶✸ ✺✳✽✸ ✵ ✵
■✹/mcm ❛0❛0❝− ✲✵✳✼✾ ✵ ✵ ✹✳✻✾
✲✶% Ima2 ❛−+❛
−
+❝
0
✲✹✳✵✻ ✹✳✶✵ ✹✳✶✵ ✵
Fmmm ❛−❛0❝0 ✲✷✳✾✻ ✻✳✶✽ ✵ ✵
Cm ❛−+❜
−
+❝
0
✲✸✳✻✾ ✷✳✵✾ ✺✳✺ ✵
Fmm2 ❛−+❛
0
❝
0
✲✹✳✶✽ ✻✳✶✶ ✵ ✵
✲✷% Ima2 ❛−+❛
−
+❝
0
✶✵✳✶✺ ✹✳✹✷ ✹✳✹✷ ✵
Fmmm ❛−❛0❝0 ✶✸✳✼✽ ✻✳✼✵ ✵ ✵
Cm ❛−+❜
−
+❝
0
✶✵✳✵✼ ✹✳✹✶ ✹✳✹✷ ✵
Fmm2 ❛−+❛
0
❝
0
✶✶✳✼✼ ✻✳✸✸ ✵ ✵
✲✸% Ima2 ❛−+❛
−
+❝
0
✸✹✳✷✵ ✹✳✼✺ ✹✳✼✺ ✵
Fmmm ❛−❛0❝0 ✹✸✳✵✾ ✼✳✸✷ ✵ ✵
Cm ❛−+❜
−
+❝
0
✸✹✳✶✼ ✹✳✼✺ ✹✳✼✺ ✵
Fmm2 ❛−+❛
0
❝
0
✸✽✳✻✸ ✼✳✶✺ ✵ ✵
✲✹% ■♠❛2 ❛−+❛
−
+❝
0
✻✺✳✶✽ ✺✳✵✺ ✺✳✵✺ ✵
❋♠♠♠ ❛
−
❛
0
❝
0
✽✷✳✹✷ ✽ ✵ ✵
Cm ❛−+❜
−
+❝
0
✻✺✳✷✸ ✺✳✵✻ ✺✳✵✼ ✵
❋♠♠2 ❛−+❛
0
❝
0
✼✹✳✷✷ ✼✳✻✼ ✵ ✵
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◦
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✾
Strain Space
groupNo.
Glazer′s
notation
DeltaE
(meV/f.u.)
Rx Ry Rz
✰✵✳✺% Cmcm ❛0❜+❝− ✲✻✳✽✽ ✵ ✺✳✷✺ ✵
I4cm ❛0❛0❝−+ ✲✼✳✾✻ ✵ ✵ ✺✳✺✵
■✹/mcm ❛0❛0❝− ✲✼✳✾✻ ✵ ✵ ✺✳✺✵
✰✶% Cmcm ❛0❜+❝− ✲✸✳✷✸ ✵ ✹✳✾✶ ✵
I4cm ❛0❛0❝−+ ✲✽✳✶✹ ✵ ✵ ✺✳✻✷
■✹/mcm ❛0❛0❝− ✲✼✳✻✹ ✵ ✵ ✺✳✽✷
✰✷% Cmcm ❛0❜+❝− ✶✶✳✵✶ ✵ ✹✳✹✽ ✵
I4cm ❛0❛0❝−+ ✲✹✳✷✻ ✵ ✵ ✺✳✾✸
■✹/mcm ❛0❛0❝− ✵✳✷✻ ✵ ✵ ✻✳✸✵
❚❆❇▲❊ ■■■✳ ❯♥✐❛①✐❛❧ ;❡♥=✐❧❡ =;>❛✐♥✱ ❙♣❛❝❡ ❣>♦✉♣ ◆♦✱ ❣❛✐♥ ✐♥
❡♥❡>❣② ✭♠❡❱✴❢✳✉✮ ❛♥❞ >♦;❛;✐♦♥❛❧ ❛♥❣❧❡= ✭
◦
✮ ❢♦> ;❤❡ ♣❤❛=❡= ♦❢
❙>❚✐❖3 ❛; ●●❆ ❧❡✈❡❧✳
✷✵
❖✳ ❉✐S❣✉❡③✱ ❑✳ ▼✳ ❘❛❜❡✱ ❛♥❞ ❉✳ ❱❛♥❞❡>❜✐❧;✱ X❤②=✳ ❘❡✈✳ ❇
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❆✳ ❙❛=❛❦✐✱ ❛♥❞ ❨✳ ■❦❡❞❛✱ ❏♣♥✳ ❏✳ ❆♣♣❧✳ X❤②=✳✱ X❛>; ✶ ✹✹✱
✼✶✸✹ ✭✷✵✵✺✮✳
✷✸
◆✳ ❆✳ X❡>;=❡✈✱ ❆✳ ❑✳ ❚❛❣❛♥;=❡✈✱ ❛♥❞ ◆✳ ❙❡;;❡>✱ X❤②=✳ ❘❡✈✳
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Strain Space
groupNo.
Glazer′s
notation
DeltaE
(meV/f.u.)
Rx Ry Rz
✲✵✳✺% ■✹/mcm ❛0❛0❝− ✲✷✶✳✾✻ ✭●❙✮ ✵ ✵ ✻✳✽✾
✲✶% Ima2 ❛−+❛
−
+❝
0
✲✷✶✳✶✺ ✹✳✽✵ ✹✳✽✵ ✵
Fmmm ❛−❛0❝0 ✲✷✸✳✵✹ ✼✳✵✽ ✵ ✵
■✹/mcm ❛0❛0❝− ✲✶✼✳✷✷ ✵ ✵ ✻✳✺✵
✲✷% Ima2 ❛−+❛
−
+❝
0
✲✶✺✳✼✻ ✺✳✶ ✺✳✶ ✵
Fmmm ❛−❛0❝0 ✲✶✽✳✾✶ ✼✳✻ ✵ ✵
■✹/mcm ❛0❛0❝− ✵✳✽✾ ✵ ✵ ✺✳✽✵
✲✷✳✷✶% Ima2 ❛−+❛
−
+❝
0
✲✶✸✳✵✺ ✺✳✶✼ ✺✳✶✼ ✵
Fmmm ❛−❛0❝0 ✲✶✻✳✼✺ ✼✳✼✶ ✵ ✵
■✹/mcm ❛0❛0❝− ✻✳✹✷ ✵ ✵ ✺✳✻✺
✲✹% ■♠❛2 ❛−+❛
−
+❝
0
✸✸✳✺✵ ✺✳✼✸ ✺✳✼✸ ✵
❋♠♠♠ ❛
−
❛
0
❝
0
✷✻✳✻✹ ✽✳✼✺ ✵ ✵
■✹/mcm ❛0❛0❝− ✼✾✳✺✺ ✵ ✵ ✹✳✵✺
✲✻% ■♠❛2 ❛−+❛
−
+❝
0
✶✷✼✳✽✶ ✻✳✷✸ ✻✳✷✸ ✵
❋♠♠♠ ❛
−
❛
0
❝
0
✶✷✻✳✻✻ ✾✳✾✽ ✵ ✵
Cm ❛−+❜
−
+❝
0
✶✷✻✳✵✸ ✵✳✹✹ ✾✳✽✵ ✵
❋♠♠2 ❛−+❛
0
❝
0
✶✷✻✳✷✵ ✾✳✾✶ ✵ ✵
■✹/mcm ❛0❛0❝− ✷✷✹✳✹✽ ✵ ✵ ✵
✲✼% ■♠❛2 ❛−+❛
−
+❝
0
✶✾✶✳✵✺ ✻✳✹✾ ✻✳✹✾ ✵
❋♠♠♠ ❛
−
❛
0
❝
0
✷✵✶✳✺✸ ✶✵✳✻✼ ✵ ✵
Cm ❛−+❜
−
+❝
0
✶✾✵✳✾✺ ✻✳✺✵ ✻✳✺✵ ✵
❋♠♠2 ❛−+❛
0
❝
0
✶✾✽✳✹✶ ✶✵✳✹✸ ✵ ✵
■✹/mcm ❛0❛0❝− ✸✸✶✳✻✷ ✵ ✵ ✵
✲✾✳✼✸% ■♠❛2 ❛−+❛
−
+❝
0
✹✵✷✳✻✹ ✼✳✶✶ ✼✳✶✶ ✵
❋♠♠♠ ❛
−
❛
0
❝
0
✹✽✹✳✸✶ ✶✷✳✺✵ ✵ ✵
Cm ❛−+❜
−
+❝
0
✹✵✷✳✹✹ ✼✳✶✵ ✼✳✶✵ ✵
❋♠♠2 ❛−+❛
0
❝
0
✹✺✺✳✶✼ ✶✶✳✹✶ ✵ ✵
■✹/mcm ❛0❛0❝− ✼✺✹✳✵✸ ✵ ✵ ✵
✲✶✵% ■♠❛2 ❛−+❛
−
+❝
0
✹✷✻✳✸✼ ✼✳✶✼ ✼✳✶✼ ✵
❋♠♠♠ ❛
−
❛
0
❝
0
✺✶✽✳✺✸ ✶✷✳✻✽ ✵ ✵
Cm ❛−+❜
−
+❝
0
✹✷✻✳✶✼ ✼✳✶✼ ✼✳✶✼ ✵
❋♠♠2 ❛−+❛
0
❝
0
✹✾✸✳✹✽ ✵✳✵✵✵✵✶✾ ✵ ✵
■✹/mcm ❛0❛0❝− ✽✵✼✳✸✺ ✵ ✵ ✵
❚❆❇▲❊ ■❱✳ ❯♥✐❛①✐❛❧ ❝♦♠♣>❡==✐✈❡ =;>❛✐♥✱ ❙♣❛❝❡ ❣>♦✉♣ ◆♦✱
❣❛✐♥ ✐♥ ❡♥❡>❣② ✭♠❡❱✴❢✳✉✮ ❛♥❞ >♦;❛;✐♦♥❛❧ ❛♥❣❧❡= ✭
◦
✮ ❢♦> ;❤❡
♣❤❛=❡= ♦❢ ❙>❚✐❖3 ❛; ▲❉❆ ❧❡✈❡❧✳
✸✼
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Appendix B: First-principles and Landau theory studies of SrTiO3
✶✵
Strain Space
groupNo.
Glazer′s
notation
DeltaE
(meV/f.u.)
Rx Ry Rz
✵% ■✹/mcm ❛0❛0❝− ✲✷✸✳✵✷ ✵ ✵ ✼✳✶✼
✰✶% ■✹/mcm ❛0❛0❝− ✲✶✻✳✽✸ ✵ ✵ ✼✳✼✼
✰✶✳✷✵% ■✹/mcm ❛0❛0❝− ✲✶✺✳✶✼ ✵ ✵ ✼✳✽✺
✰✷% ■✹/mcm ❛0❛0❝− ✲✶✳✾✶ ✵ ✵ ✽✳✷✽
I4cm ❛0❛0❝−+ ✲✷✳✵✸ ✵ ✵ ✽✳✷✷
✰✸% ■✹/mcm ❛0❛0❝− ✷✹✳✸✽ ✵ ✵ ✽✳✽✵
I4cm ❛0❛0❝−+ ✷✵✳✾✾ ✵ ✵ ✽✳✺✺
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